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The Evolution of Galaxies and ACN from Deep 
x .. ray and Optical Surveys 
by Marc Vallbe Mumbru 
Abstract 
Two complementary new surveys of the x-ray background (XRB), the WHDF and the 
10 x 10 ks, are presented. 140 serendipitous x-ray hard and soft sources (S2-10 keY .:2: 
3 · Io- 15 ; So.5-2 keY .:2:4-10- 16 ergcm-2 s- 1) have been identified and characterised by 
conducting concurrent optical and x-ray observations. 
A principal aim of this work has been to establish whether x-ray luminous 
narrow-emission line galaxies (NELGs) are the sources that are the major contrib-
utors to the hard XRB, along with finding an explanation for their emission mech-
anisms. We build a case for a hidden AGN as the most likely explanation for such 
emission and, while NELGs are indeed found to be major contributors to the hard 
XRB, they are so as the nearby representatives of a major class of obscured AGN, 
most of which are too faint for probing with current spectroscopic facilities and 
appear either as "normal" galaxies or as blank fields in optical observations. In 
particular, we find no evidence of significant contribution from starbursts to the 
XRB intensity. 
We also explore the high-redshift population of luminous absorbed AGN and re-
port on the discovery of a type II o,so candidate at z = 2.12. But the number of 
such sources observed is found to be significantly below the predictions from ob-
scured AGN models of the XRB and, inspired by the discovery of several broad-line 
quasars amongst the hardest sources in the WHDF and also in other surveys, we 
suggest that x-ray luminous absorbed AGN show optical broad lines more often 
than not. This affects the relationship between gas and dust in AGN and has direct 
consequences for the basic unification schemes for AGN. 
In a parallel program, not only to study how the stellar content of the present 
universe was assembled over time but also to understand the photometric prop-
erties of the galaxies that host an AGN, we perform detailed analysis of the evo-
lutionary properties of early-type galaxies. We find that a significant fraction of 
colour-selected elliptical and lenticular galaxies in the direction of the WHDF show 
colours that are too blue to be consistent with the predictions of a simple mono-
lithic collapse at high-redshift and passive evolution thereafter. Their large scatter 
in photometric observables seem to imply divergent histories and indicate that the 
early-type populations are rather heterogeneous. In particular, significant low-
redshift star formation is deduced from the large scatter in their colour-magnitude 
relation and from the presence of [OII)A-3727 emission lines. 
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Come with me now, Pilgrim of the stars, 
For our time is upon us and our eyes 
shall see the far country 
and the shining cities of Infinity. 
Burnham's Celestial Handbook (1978l 
CHAPTER I 
Introduction 
Twinkle, twinkle, quasi-star. 
Biggest puzzle from afar. 
How unlike the other ones. 
Brighter than a trillion Suns. 
Twinkle, twinkle, quasi-star, 
How I wonder what you are! 
George Gamow 
1.1 Evolution of Calaxies & Active Galactic Nuclei 
The ways galaxies form and evolve play an important role in any cosmologi-
cal model and have always enjoyed the attention of astronomers. The currently 
favoured model of structure formation, the hierarchical theory, considers the adi-
abatic growth of initial density fluctuations that have the same entropy as the 
surrounding medium, at any given time. Small fragments of denser regions, with 
masses ""' I 05 M0 , collapse and, while a few remain isolated to become dwarf galax-
ies, most subsequently merge with neighbours to build up galaxies of normal mass 
(109 to 1011 M0 ). The hierarchical clustering continues and galaxies are attracted 
together to form clusters of galaxies; the clusters then form superclusters. This 
bottom-up scenario is consistent with cold dark matter. 
The details of how these processes occur are, however, still highly uncertain. 
It now seems clear that the most dramatic effects of galaxy evolution are linked 
to interactions with the environment (neighbour galaxies and the hot intracluster 
medium) and to supermassive black holes (SMBH; M. ""' 108 M 0 ) resident in the 
centre of bulges which often manifest as active galactic nuclei (AGN). The present 
work explores how galaxies and AGN interrelate. 
The evolution of galaxies and AGN from deep x-ray and optical surveys 
CHAPTER 1. INTRODUCTION 11. EVOWTION OF GALAXIES AND AGN 
1.1.1 Active Galactic Nuclei 
Galaxies that emit unusually large amounts of energy -well in excess of the 
thermonuclear output from their stars- from a very compact central source are 
known as active galaxies or, alternatively, active galactic nuclei or AGN. Since the 
mid-Twentieth Century, several types of AGN have been found, each displaying a 
variety of properties that led astronomers to classify them first as separate phe-
nomena. Carl Seyfert discovered in 1943 the first such kind and the most common 
AGN in the local universe: a type of spiral galaxy with extremely bright nonthermal 
emission in its nucleus; W W. Morgan (1958) originally identified another type of 
powerful galactic nucleus, known as N galaxy, with luminosities intermediate be-
tween Seyfert galaxies and quasars; quasi-stellar objects (contracted to quasars or 
to its acronym o.sos), found in 1963 as the optical counterparts to powerful radio 
sources in the 3C catalogue (Schmidt 1963), are unresolved objects that emit more 
energy than several supergiant galaxies and show conspicuous ionization lines in 
their spectra; BL Lacs, named after BL Lacertae which was found to be a most pecu-
liar counterpart to a radio source in 1968, resemble quasars but lack both emission 
and absorption lines, and display extremely compact and severe variability as well 
as polarised light; radio galaxies are another form of active galaxy that have a radio 
output in the range 1035 - 1038 Watts and are always located in elliptical galaxies, 
many of which are the central dominant member of a cluster. 
Although stellar collision in dense galactic nuclei was first considered as a means 
to explain the galactic nucleus phenomenon (e.g. Spitzer & Saslaw 1966), observa-
tions of the motions of stars and gas in nearby galaxies such as M87 or NGC4151, 
the high powers involved and reports of acute variability on very short time-scales 
("-'hours; e.g. figure 2.12), strongly suggest that emission from AGN is driven by 
accretion onto a supermassive black hole at the centre of galaxies. Gas from the 
interstellar medium, from the tidal disruption of stars near the black hole or from 
flows of intergalactic gas on to the central galaxy of a cluster as the gas cools, 
would release gravitational potential energy as it spirals onto the nucleus forming 
first an optically thick accretion disc as a result of conservation of angular mo-
mentum. This is in agreement with the nonthermal continuum emission observed 
at all wavelengths. 
Continuum emission of AGN exhibits almost equal power per decade of frequency 
in nearly all wavebands studied and a set of dips and bumps consistently recur 
from one AGN to the other. These features include a) an x-ray continuum well 
represented by a power-law produced in a hot optically-thin plasma in a corona 
surrounding the disc; b) the "big blue bump", thermal emission extending over the 
ultraviolet (UV) resulting from the heating of the accretion disc by the dissipation 
of gravitational energy; c) the "near infrared inflection", a dip between 1-1.5 pm, 
practically the only continuum feature with a well defined frequency (Neugebauer 
et al. 1987); d) the "infrared bump", a broad feature longward of the 1 pm inflec-
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tion resulting from high energy light absorbed by the obscuring material around 
the AGN and being thermally re-radiated in the infrared (see Edelson et al. 198 7 
for an alternative non-thermal explanation); and e) the "submillimetre break", an 
abrupt decrease in emission and the strongest feature in normal quasar continua. 
In a minority of cases, highly relativistic bipolar outflows of energetic particles lead 
to extended radio emission. 
The fact that the spectra of AGN are extraordinarily similar over a range of"' 1011 
in frequency despite their luminosities may differ by a factor of~ I 07 , suggests that 
the physical processes involved in their emission mechanisms are fundamentally 
the same. 
Line Diagnosis 
The broad collection of AGN species is further ravelled by similarities shared be-
tween different kinds of AGN and by subdivisions. One of the most striking fea-
tures of most AGN is the presence in the optical of high ionization emission lines 
superimposed on the nonthermal spectrum from the central source, indicating the 
presence of strong ionizing radiation. These are commonly used to divide AGN into 
two categories: type I AGN have both broad emission lines (FWHM2: 1000 kms- 1) and 
narrow emission lines (FWHM;S 1000 kms- 1), while type II AGN have narrow lines 
only (e.g. Osterbrock 1989). For instance, a quasar is usually defined as a compact 
object with broad lines (Lya, CivA-1550, Cm]A-1909, Mg IIA2800, etc.) and very bright 
(absolute magnitude MB ;S -23 in the optical or a luminosity Lx :2: 1044 ergs-' in x-
rays). At lower luminosities (Schmidt & Green 1983 adopt MB :2: -21.5 + 51ogho) 1 , 
Seyfert type I active galaxies (Sy 1) have narrow ([0II]A3727, [0III]A5007, etc) and 
broad emission lines, while Seyfert type II galaxies (Sy 2) lack broad lines. 
Astronomers usually interpret the line width as a velocity dispersion due to 
Doppler broadening; hence, different widths correspond to emission from mate-
rial orbiting at different (speeds and therefore) distances from the nucleus.2 Broad 
lines are emitted from dense regions moving faster and closer to the core which are 
known as broad-line regions (BLRs). They may be dense inflowing clouds or per-
haps transient structures lifted from the surface of the accretion disc by powerful 
magnetic reconnecting events, moving at speeds (inferred from the line broaden-
ing) in excess of 104 kms- 1. Variability studies in the line emission show that the 
BLRs are typically a few light-months across. The central black hole irradiates the 
gases to produce low-ionization emission lines (such as the Balmer series of hydro-
gen). At larger radii of ten to a thousand light-years from the central ionization 
source, the narrow line regions (NLRs) contain gas clouds that move at more mod-
erate velocities of a few hundred kms- 1 and radiate strongly in forbidden lines of 
ionized metals as well as hydrogen (see for instance Peterson 1997). In both cases, 
clouds of material are excited by the strong electromagnetic fields and de-excite 
1 ht1 = Ho/100, where Ho = R- 1 (dR/dt) is the Hubble constant (and R the cosmic scale factor). 
2 Even the narrow emission lines are too broad to be interpreted as due to pure thermal motion. 
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Figure 1. 1: Schematic diagram of the unification scenario of active galactic nuclei 
showing the geometric interrelations between broad and narrow-line regions, ob-
scuring molecular material (taken as a torus for convenience) and photo-ionized 
scattering medium. Depending on our line of sight to the object, the AGN will ap-
pear as a Seyfert I, II , BL Lac, quasar, etc. Various observational arguments strongly 
suggest that the energy output of AGN is derived from the gravitational potential 
of a supermassive black hole which has an accretion disc of gases spiralling onto 
it. Figure courtesy of C. Simpson. 
emitting line radiation. This can provide useful information on the physical condi-
tions prevailing in the clouds. The presence of forbidden transitions, for instance, 
which in terrestrial conditions de-excite collisionally before they had time to radi-
ate, places upper limits on the density of NLRs so that collisional effects are insignif-
icant (nNLR :S 105- 10 cm- 3 depending on the transitions seen; nBLR ;:::, 109- 10 cm- 3). 
Furthermore, as the irradiation by large quantities of x-rays and uv light creates 
very highly ionized species which are only found in extreme environments ("coro-
nal" lines; e.g. [si VI]), AGN are a privileged laboratory for atomic physics diagnosis. 
Unified Model 
Despite the idiosyncrasies inherent in each type, closer examination shows that 
many of the differences amongst AGN may be due to different inclinations of the 
source to the line of sight, their fuelling rate or evolutionary stage and that there 
is probably a continuous transition between the BLRS and the NLRs (e.g. Dopita 
1997). Amongst the Seyfert population, for instance, it is found that the narrow 
line properties of Sy 1 and Sy 2 are very similar. Thus, the discovery of broad 
emission lines (from scattered flux into our line of sight) in the polarised spectra 
of a number of Seyfert II galaxies provided the basis for a unified model for AGN 
in which the principal discriminating parameter is the inclination of an obscuring 
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screen of molecular gas and dust around the AGN with respect to our line of sight 
(e.g. Antonucci 1993; cj also Rowan-Robinson 1977 and Lawrence & Elvis 1982). 
This screen may be in the form of a patchy dust covering, an axisymmetric struc-
ture or a 47t steradian shell of varying thickness; it is usually assumed toroidal for 
convenience based on observations of NGC 1068 and other Sy 2 in linear polarised 
light (Antonucci & Miller 1985). Hence, it is proposed that in type II objects the 
BLRs, lying close to the core, are hidden by obscuring matter in the line of sight 
(AGN seen edge-on); in type I objects, on the other hand, the emission from the 
BLRs is seen within the opening angle of the obscuring material (i.e., face on). In 
both cases, the NLRS, further out, are external to this obscuration and can always 
be seen. Figure 1. 1 on the preceding page shows a schematic plot of this model. 
Further support for unification scenarios is provided by infrared observations 
which reveal broad emission lines from hydrogen recombination such as Paa and 
Bry in moderate column density Sy 2 spectra (Blanco et al. 1990; Hines 1991 )3 and 
also from x-ray observations which reveal characteristic absorption features asso-
ciated with a large column of obscuring material along the line of sight (Mulchaey 
et al. 1993; Awaki et al. 1991). Of fundamental relevance to our work, the AGN 
unification paradigm is the basis for the most successful cosmological x-ray back-
ground (XRB) population synthesis models (Madau et al. 1994; Comastri et al. 
1995; Gunn 1999; Gilli et al. 2001; cj § 1.4.1, 4.3). 
Evolution 
The subject of the evolution of the active galactic nucleus population began in 
the late 1960s with Schmidt's seminal work (Schmidt 1968, 1970). He developed 
and applied the luminosity-volume test (V fV,n) for analysing the space distribution 
of samples of radio and optically selected quasars and showed that there was a 
strong evolution in the space densities of both kinds of AGN towards higher redshift, 
increasing by a factor> 100 between z :::::' 0 and z :::::' 2. The reasons of the decline from 
z :::::' 2 are not yet understood. 
The x-ray luminosity function, <!>x (Lx), for example, giving the space density of 
a.sos as a function of their luminosity, can be parameterised into two power laws 
intersecting at a 'break luminosity', LX, according to Boyle et al. (1994). At zero 
redshift the <l>x(Lx,z = 0) can be described by: 
Lx < LX(z = 0) 
Lx>Lx(z=O) 
where <l>x is the normalization of the <!>x(Lx) measured in units ofMpc-3 /(1044 ergs- 1) 
and Lx44 is the 0.3-3.5 keV x-ray luminosity in units of 1044 ergs- 1; yl and y2 
represent the low and high luminosity slopes of the x-ray luminosity function 
3 The extinction by dust is wavelength-dependent. Due to their size of~ IOO nm, dust grains scatter 
and obscure ultraviolet and optical light while leave relatively unaffected near infrared photons. 
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respectively. Assuming that the number density of AGN does not evolve, but they 
undergo pure luminosity evolution (PLE) alone which becomes stationary at a max-
imum redshift, Zcut, the luminosity function can be parametrized by the evolution 
of the characteristic "knee", L'X, such that: 
L'X(z) = { L'X(O)(I +z)k 
LX (Zcut) 
Z ~ Zwt 
Z > Zcut 
Adopting the values of Model G in Boyle et al. of yl = 1.53, y2 = 3.38, L)c(O) = 
1043·70 , k = 3.03, Zcur = 1.89 and <l>x = 0.79 x w-6 Mpc-3 /(1044 ergs- 1) for a cosmology 
with qo = 0.0 and Ho =50 kms- 1 Mpc1, the best fit of a PLE model would indicate 
that either a) short lived quasars are being produced at the same rate at all redshifts 
but with progressively lower luminosities at lower z, or b) quasars are long lived 
phenomena and have been dimming systematically since z rv 2. 
Observational findings that most bulges in the local universe contain a massive 
black hole (Magorrian et al. 1998) seem to refute the latter hypothesis since, in that 
case, only a fraction of galaxies would contain SMBHs. It therefore appears that 
almost every galaxy could have undergone an AGN phase at some point. Based on 
this empirical finding, Kormendy & Gebhardt (2001) suggest that SMBHs are mostly 
a bulge phenomena and were formed at the same time as the bulge component of 
galaxies; AGN would then trace the distribution of bulges in the Universe. 
Another most interesting clue to understand the galaxy-AGN connection arises 
from the striking similarity between the evolution with redshift of the space den-
sity of bright AGN and the star formation history of the Universe. This strongly 
suggests that AGN and star formation are related phenomena, but the details of the 
actual links are again not known. It could be that AGN are fuelled by the same cold 
gas in the discs of galaxies that drives their star formation rate (SFR), in which case 
AGN would be less numerous in dense cluster regions, analogous to the SFR-density 
relation (e.g. Gomez et al. 2003; Dressler et al. 1985; Bower & Balogh 2004). Oth-
ers (Gunn 1979; Shlosman et al. 1990) have proposed instead that galaxy-galaxy 
collisions fuel the AGN activity by driving gas into the cores of the galaxies. This 
would also enhance the star formation and possibly leave distorted morphologies 
in the AGN host galaxies. 
As we see, despite being fundamental to comprehend the circumstances of galax-
ies at different epochs, the AGN phenomenon continues to elude understanding. To 
constrain models of galaxy formation and evolution, formation and growth of the 
black hole and behaviour of accretion processes and rates (which govern luminosi-
ties and spectral energy distributions) with cosmic time, it is important to deter-
mine any systematic correlations between the several properties of galaxies and 
AGN: a) photometry (luminosity function, space density); b) morphology (shape, 
concentration, structure); c) redshift; d) star formation rate; e) spectroscopy (line 
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spectra); j) colourimetry (spectral energy distributions); g) environment; etc. 
Valuable progress has been attained in recent years and some of these issues have 
been now partially addressed. Spectral variability analyses have placed limits on 
the masses of nuclear black holes (Nikolajuk et al. 2004); clustering analyses, on 
their active life-times (Martini & Weinberg 2001 ). Deep imaging of host galaxies 
and studies of galaxy I AGN clustering environments are also increasing our knowl-
edge of the relations between them. These advances have been possible with the 
availability of large homogeneous optical surveys (such as the 2QZ or soss) and, 
crucially, with the advent of large and accurate x-ray observatories with imaging 
and spectroscopic capabilities comparable to optical telescopes. This is especially 
important since, whilst studies based on optical properties of galaxies systemat-
ically miss a large fraction of AGN (those obscured by dust), which complicates 
evolution studies, most of the active galaxy forms are more readily identified from 
x-ray observations. This is also reflected on the fact that, with current technolo-
gies, the sky density of x-ray selected AGN is considerably larger than that of opti-
cally selected objects (by a factor of"' 10; Alexander et al. 2003). 
1.2 x-ray Astronomy 
Invariably linked to the presence of hot gas and high energy particles, x-rays are 
emitted in a broad range of physical conditions in the Universe, being particularly 
conspicuous around violent explosions and strong electromagnetic & gravitational 
fields. Numerous objects characterised by processes at these high energies have 
been discovered and studied in this light over the last forty years: neutron stars, 
hot plasmas, active galactic nuclei, supernovae & their remnants, galaxy clusters, 
black hole candidates, stellar coronae, etc. In some cases, such as the physics of 
black hole neighbourhoods, of neutron stars and of hot intergalactic gas, most 
exploration is essentially undertaken from x-ray observations. 
X-ray astronomy started about half a century after some of the most impor-
tant physical x-ray studies were completed, such as x-ray diffraction by Laue and 
Bragg, x-ray scattering by Barkla or x-ray spectroscopy of atoms by Siegbahn, all 
of which took place in the 1910-1925 period. The basic reason for this slow start 
being the effective absorption by the Earth's atmosphere of x-rays from the Uni-
verse, astronomers had to wait until aeronautics was mature enough as to send 
rockets at considerable altitude ("' 35 km for 30 keY photons, "' 80 km for 3 keY 
photons). The first such rockets detected x-rays from the Sun (Friedman et al. 
1951) and subsequent research was concentrated towards solar studies. In one of 
these studies, while trying to detect fluorescent x-rays from the lunar surface gen-
erated by solar x-rays, Giacconi et al. ( 1962) discovered the first extrasolar x-ray 
source, Scorpius X-1, and a homogeneous extended background which seemed to 
be of extragalactic origin, thus effectively opening the field of x-ray astronomy 
(figure 1.2 on the next page). The discovery of entirely new and unexpected types 
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Figure 1.2: Recorded counts from two Geiger counters of the payload of the Aero bee 
rocket used by Giacconi et al. (1962). The results imply the presence of an x-ray 
source different from the Moon and of a cosmic background radiation. 
of sources, such as Scorpius X-1, emitting thousands of times more energy in x-
rays than in the visible light, and the Crab nebula, outputting 1010 more energy in 
x-rays than the Sun, stimulated a strong interest in it. 
The development of new types of detector and superior mirror technology, cou-
pled with advances in astronautics, lead the progress in the field. To increase the 
few minutes of observing time admitted by x-ray rocket missions and the spectral 
sensitivity range of balloon experiments (only useful for energies above "'20 kev; 
where many sources are weak), Uhuru\ the first orbiting x-ray observatory, was 
launched from Italy's San Marco station in Kenya on 12'11 December 1970, coin-
ciding with the independence day of this country. The Uhuru payload weighted 
less than 60 kg and had two sets of proportional counters with a collecting area of 
as much as 840 cm2 . For over two years it scanned the sky and produced the first 
all-sky catalogue of x-ray sources, containing a few hundred of them, reaching in-
tensities of about 1; 1000 of that of the Crab nebula. A large number of x-ray binary 
stars with compact components was discovered in the galactic plane, together with 
supernova remnants and other diffuse structures. Outside the galactic plane, most 
of the sources were AGN and clusters of galaxies (Gursky et al. 1972) . This is the 
picture that, roughly, still describes the present knowledge of the x-ray Universe. 
Uhuru and other primaeval x-ray satellites (Ariel-V, HEA0-1, Ginga5, etc. ) fea-
tured no optical systems: directional information was difficult to obtain and the 
opening angle of these primitive x-ray telescopes was defined by a simple me-
chanical collimating mask to limit the field- of-view (Fov) covered by the detectors 
(in most cases gas-filled proportional counters), which yielded low angular res-
olutions. The implementation of proper focusing x-ray optics capabilities were 
developed for the first time for the HEA0-2 (renamed to Einstein after successfully 
4 Meaning.freedom in Swahili. 
5 Meaning Milky Way in Japanese. 
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launched) for soft x-rays ( < 4.5 keY), and proved a crucial step in order to image the 
x-ray sky. Einstein's 2" High Resolution Imager and sensitive spectrometers made 
possible to map extended objects such as supernova remnants and intracluster gas 
in galaxy clusters in detail, and produced large catalogues of x-ray sources that 
were subsequently employed to conduct detailed astrophysical studies. Amongst 
other highlights, it demonstrated that quasars emit x-rays and that distant such 
sources contribute strongly to the diffuse background (Giacconi et al. 1979). 
The Rontgen Observatory Satellite, known as ROSAT (Truemper 1990), provided 
the first high resolution images of the soft 0.1-2.4 keY x-ray sky. It increased our 
knowledge by conducting first an all-sky survey (this yielded the, so far, largest 
catalogue of x-ray sources, exceeding 50000) and, for almost a decade, targeted 
observations of a full range of astronomical objects, from solar system neighbours 
such as comets or the Moon, to distant QSOs. Launched in 1993, ASCA, the Ad-
vanced Satellite for Cosmology and Astrophysics (Tanaka et al. 1994), opened the 
doors to 2-10 keY imaging and to the ccos with two Solid-state Imaging Spec-
trometers (Burke & Daniels 1991) with sensitivities of"' I0- 14 ergcm-2 s- 1 (Einstein 
carried the first semi-conductor detector -a forerunner to today's ccos- the Solid 
State Spectrometer). It enabled spectroscopic observations of faint x-ray sources 
with unprecedented sensitivity and medium resolution imaging in the hard x-ray 
band. BeppoSAX, launched in April 1996 (Boella et al. 1997), offered a wide spec-
tral coverage, from 0.1 to 200 keV, as well as imaging capabilities below 10 keV It 
allowed for thorough studies in harder bands than those available with ROSAT. 
Colden Era of X-ray Astronomy 
The launch of Chandra and XMM-Newton observatories in July and December of 
1999 respectively, almost forty years after the detection of the first extragalactic x-
rays, has seen x-ray astronomy reach full maturity. Chandra's superb subarcsec-
ond spatial resolution and XMM's unprecedented throughput have made a reality 
the promise of large x-ray telescopes with high spectral and spatial resolutions. 
Chandra (previously known as the Advanced X-ray Astrophysics Facility, AXAF), 
has an imaging capability in 0.4-8 keY x-rays comparable to that currently pos-
sible with ground-based optical telescopes. The X-ray Multi-Mirror Mission, XMM, 
which has three x-ray telescope modules, each containing 58 nested concentric 
mirrors, provides unprecedented collecting area for high resolution spectroscopy 
of faint sources, combined with good spatial resolution ("' 311 ) from 0.1-12 keY 
over a 30' diameter field-of-view. These two observatories have played a funda-
mental role in our work. Chandra in particular, provided the first observations 
and the sources that it detected constitute the skeleton around which this thesis is 
built. XMM has been used in the XMM-Newton/2dF Survey, a complementary study 
in the same regions, reaching shallower flux limits and wider in areal coverage 
(Georgakakis et al. 2004). 
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Figure 1.3: The cosmic energy density spectrum, from the radio band toy-rays 
in a vlv representation, where a horizontal line represents equal energy per decade 
of frequency. The extragalactic background ractiation gives a fossil record of all 
radiation processes in the Universe, integrated over cosmic time. The distinct com-
ponents correspond to the cosmic microwave background (CMB), the cosmic far 
infrared background (CIB) , the cosmic optical/ ultraviolet background (COB) and 
the cosmic x-ray background (CXB). The CXB is energetically not the strongest (the 
CMB clearly dominates the energetic budget of the Universe) but it is nevertheless 
interesting since it is where active black holes in galactic nuclei radiate . So much 
so, that x-rays are the most efficient domain to detect o,so and AGN, with 10 times 
the optical sky density. Note that the CXB extends over four decades of wavelength, 
which should be borne in mind whenever considering models for the CXB based on 
data from only a small part of its spectrum. From Basinger (2000) . 
1.3 The x-ray Background 
The first diffuse cosmic background ever reported (Giacconi et al. 1962; figure 1 .2), 
the x-ray background (XRB) dominates the sky energy density from ,..., 100 eV to 
gamma-rays above 1 MeV (see figw-e 1.3) . 
The origin of its different components is a matter which is still being explored; it 
is not y et clear whether they originate in separate classes of objects or in separate 
physical mechanisms. x-ray background population synthesis models have been 
successfully used to account for the XRB intensity in the range of 1-100 keY in 
terms of a popu lation of obscured AGN (Madau et al. 1994; Comastri et al . 1995 ; 
Gunn 1999). Recent deep Chandra and XMM- Newton observations have resolved ,..., 
85% of the 0 .5- 10 keY background into individual sources and the large numbers of 
AGN amongst them favours these models (e.g. Hornschemeier et al. 2000; Giacconi 
et al. 2001 ; the present work, § 4 .3 ). Nevertheless, over half of its frequency range 
in logarithmic space remains unexplained. 
Over the following few pages we review its major characteristics . 
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1.3.1 Spectral Properties 
Galactic emission, possibly emerging from a hot local bubble (T '"" 106 K; McCam-
mon & Sanders 1990), accounts for most of the background below '"" 0.5 keY. At 
these energies, extragalactic contributions are minimised by interstellar absorp-
tion, which prevents a large fraction of any cosmological contribution from being 
observed. This is in stark contrast with the XRB above 0.5 keV, which is mainly of 
extragalactic origin, and hence the ;:S 0.5 keV XRB will be left aside in the remainder 
of this thesis. 
The spectral band from 0.5 to 3 keV has been thoroughly studied with the first 
generation of imaging x-ray telescopes. Deep ROSAT surveys resolved '""70% of it 
into discrete sources, most of them osos at redshifts z 2:, I (Hasinger et al. 1998; 
Boyle et al. 1994). These are primarily steep spectrum sources, which are respon-
sible for a soft excess in this band as compared with the 3-15 keV range (Garmire 
& Nousek 1980; Wu et al. 1991; Shanks et al. 1991 ). This makes the 0.5-3 keV 
spectrum well approximated by a power-law with energy spectral index 0.8 ± 0.2. 
The HEA0-1 A2 and A4 experiments measured the 3 keV to 6 MeV band. Mar-
shall et al. (1980) find that the 3-45 keV range is excellently fit by a '"" 40 keV 
thermal Bremsstrahlung model. Gruber ( 1992) analytically fits the 3-60 keV mea-
surements with 
and the 60 keV to 6 MeV with a double power law: 
Below'"" 100 keV the uncertainties in these fits amount to 2%. Over the 3-15 keV 
band in particular, which is roughly where Chandra and XMM operate, an excellent 
fit is also provided by a power law /(e) oc ca with energy spectral index a= 0.4 
(Gendreau et al. 1995; Chen et al. 1997). Figure 1.4 on the next page shows the 
intensity spectrum of the XRB. 
In terms of energy density, most of it is contained between 20 and 40 kev; as can 
be seen from figure 1.3. The 0.5-10 keV Chandra band contains'"" 25% of the total 
energy of the XRB (with the 0.5-2 keV range contributing just a few percent). 
1.3.2 Isotropy 
Above 3 kev; the XRB is isotropic to within a few percent on large scales, once the 
Galaxy and a weak large-scale anisotropy are removed (Warwick et al. 1980; Iwan 
et al. 1982; Schwartz & Gursky 1974). The latter contamination, significantly 
weaker than the former, is consistent with the Compton-Getting effect due to the 
motion of the Milky Way with respect to the cosmic microwave background (CMB) 
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Figure 1.4: The XRB intensity spectrum /E, from Fabian & Barcons (1992). In the 
2-10 keV range, the XRB measurements can be fit by a power law of the form 
P(E) = ~ = Acr, where P(E) is the photon intensity, E is the energy and the photon 
index has a value of r = 1.4. 
as measured from the CMB dipole (Shafer 1983) . The inferred direction in the 2-
10 keV band for the XRB dipole is l = 280°, b = 30°, with velocity 475 ± 165 kms- 1, 
roughly consistent with the CMB dipole. The isotropy and the dipole radiation field 
observed on the largest scales are strongly suggestive of a distant extragalactic 
origin of the 2: 3 keV XRB. The extragalactic nature has been confirmed, not only 
by the wealth of extragalactic sources detected as contributors, but also by the 
observation by Barber et aL (1996) that the nearby spiral galaxy NGC55 casts a 
shadow on the soft x-ray background. The isotropy is also suggestive that, at 
large scales (2: 100 Mpc), the Universe is isotropic. 
On small angular scales, such as those available with Chandra and XMM small 
fields of view, large scale structure studies are difficult due to counting statistics 
uncertainties and from the small distances probed perpendicular to the line of sight 
(Chandra's ACIS-1 16' x 16' correspond roughly to an area 4 x 4 Mpc2 at z = l). Never-
theless, intrinsic sky fluctuations attributable to the lumpiness of the x-ray sources 
can always be found ("cosmic variance"); the auto-correlation function of the XRB 
on those scales is dominated, then, by the spread of the clustering of QSOs, galaxies 
and clusters of galaxies. 
1.3.3 source content 
The extragalactic source content of the x-ray background has been a major un-
settled issue of x-ray astronomy for four decades now. The facts that it has a 
spectrum that fits remarkably well a 40 keV Bremsstrahlung radiation over the 
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range 3-45 keY (Marshall et al. 1980) stimulated the controversy over whether 
the XRB had its origin in a thermal free-free emission from an optically thin inter-
galactic plasma (Cowsik & Kobetich 1972; Field & Perrenod 1977; Hoyle 1963) or 
if it was instead the result of the integrated emission from individual faint sources 
emitting over cosmic times. 
In the beginning of the 1990s the debate settled in favour of the discrete source 
origin of the XRB due to the FIRAS instrument aboard COBE not detecting a predicted 
strong Compton distortion of the spectrum of the cosmic microwave background, 
were diffuse thermal emission to be responsible for a substantial fraction of the XRB 
(Mather et al. 1990; Barcons et al. 1991; Wright et al. 1994). At about the same 
time, Shanks et al. (1991), in consonance with previous Einstein surveys (Giacconi 
et al. 1979; Griffiths et al. 1983; Maccacaro et al. 1988), reported from a ROSAT 
study that a major percentage of the intensity of the soft 0.1-2 keY XRB was due to 
unobscured quasars. By the end of the decade about 60-80% of the XRB intensity 
in the 0.5-2 keY band had been resolved, to a limiting flux of,...., 10- 15 ergcm-2s- 1, 
into discrete sources, most of them broad-line AGN at z > I (Hasinger et al. 1998; 
Schmidt et al. 1998; Boyle et al. 1994). Given that the steep spectra of QSOs produce 
an excess intensity in the soft band and contribute little to the flatter 3-300 keY 
XRB, the lack of observed flat-spectrum sources (e.g. type II AGN, starburst galaxies, 
etc.) left the question of what is the main component of the XRB still unanswered. 
At harder energies, first results that resolved ,...., 30% of the XRB2-10 keY into faint 
discrete sources were obtained at flux levels of a few 10- 14 ergcm-2s- 1 with ASCA 
(Inoue et al. 1996; Georgantopoulos et al. 1997; Ueda et al. 1999) and BepposAX 
(Cagnoni et al. 1998; Fiore et al. 1999). However, we have had to wait for the 
Chandra and XMM-Newton satellites to resolve the bulk of the hard XRB. In recent 
months, different teams (e. g. Mushotzky et al. 2000 in the SSA13; Hornschemeier 
et al. 2000 and Alexander et al. 2003 in the Hubble Deep Field North; Campana 
et al. 2001 in the Chandra Deep Field South) have published the results of their 
respective surveys and resolve ,...., 80% of the hard XRB into point sources. The vast 
majority have been identified with obscured AGN. However, given the source fluc-
tuations in the small Chandra field of view and the optical faintness of the sample, 
which complicates optical spectroscopic follow-up (50% have i 2: 23.5), more sur-
veys are mandatory to investigate issues as the origin of the x-ray emission in the 
whole sample, the host properties of the AGN found, etc, so that we can finally 
obtain a self-consistent picture of the evolution of the sources over a wide range of 
x-ray fluxes. It is in this spirit that we undertook the Durham x-ray surveys. 
[It is worth noting that clusters of galaxies cannot contribute significantly to the 
cosmological XRB. Their luminosity functions and their negative evolution with 
redshift (meaning that most luminous clusters are most numerous at the present 
epoch; Edge et al. 1990) are well quantified and an integration of their contribution 
to the 0.5-2 and 2-10 XRBs gives a result of,...., 10 and 3%, respectively (e.g. Fabian 
& Barcons 1992).] 
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1.4 The Durham X-ray Surveys 
1.4.1 Motivation 
The discovery that quasars emit x-rays and that distant such sources contribute 
strongly to the diffuse XRB (Giacconi eta!. 1979) initially suggested that they could 
explain the whole XRB at 2 keV (Zamorani et a!. 1981; Marshall et al. 1983). Al-
though these results proved an overestimate, they promoted QSOs as the best can-
didates to explain the XRB. 
Using optical multifibre spectroscopy and ROSAT observations centred on the ul-
traviolet excess (uvx) fields of Boyle et al. (1990), Shanks et a!. (1991) pursued 
optimised identification of optical counterparts to many XRB sources. Their study 
revealed that over 50% of resolved x-ray sources corresponded to QSOs which, as a 
result, were responsible for "' 30% of the XRB at 1 keV Further observations led to 
an accurate determination of their x-ray luminosity function and evolution (Boyle 
et al. 1994) which, in turn, permitted extrapolation of the Shanks et a!. result to 
faint fluxes and high redshifts. That suggested a maximum contribution of SO% of 
the XRB at 1 kev; unless the luminosity function steepened at the faint end. Geor-
gantopoulos et a!. (1996) assessed the number count behaviour of the QSO pop-
ulation and found that their iogNvs. logS relationship undergoes an abrupt break 
at "' w- 14 erg em -z s- 1, turning over to a power-law slope of y = 1.1 ± 0.5 at fainter 
limits from an Euclidean slope at the brightest fluxes. 
Given that the contribution of the broad-line AGN population appeared to drop at 
faint fluxes and that they can contribute no more than "'50% of the total XRB, the 
emergence of a new x-ray source population seemed required (see Georgantopoulos 
et al. 1996 and 1993 for further QSO clustering constraints). 
Spectral Paradox of the XRB 
Apart from the constraints from luminosity function, number counts and clus-
tering analyses, there has always been a major problem with the QSO population 
being a large contributor to the XRB, which stems from their spectral shape. Typical 
unobscured QSOS have steep spectra with r ~ 2 (Turner & Pounds 1989) while the 
XRB spectrum below 15 keV is a good fit to a power-law slope of r ~ 1.4 (Gendreau 
eta!. 1995; Chen et al. 1997; see figure 1.4 for the intensity spectrum of the XRB). 6 
This "spectral paradox" (de Zotti et a!. 1982) makes it more difficult to explain 
the XRB as more of it is understood in terms of asos since it becomes increas-
ingly imperative to find new sources with flat enough spectra as to compensate the 
steepness introduced by QSOs. 
Thus, it was soon understood that ordinary QSOs cannot comprise the whole XRB 
and that the new population had to have flat spectra at high 2-10 keV energies and 
6 1 is the photon index and relates the photon intensity and the energy of the photons as described in 
the caption of figure 1.4. 
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also at lower 0.5-2 keVenergies but at faint fluxes (S ,:S4·I0- 15 ergcm-2 s- 1). Solid 
evidence of this new population was found with ASCA when it was realised that 
2-10 keV source number counts doubled ROSAT counts in the soft band (e.g. Geor-
gantopoulos et al. 1998; see figure 2.14); a major fraction of these hard sources 
was identified with galaxies with optical narrow emission lines. 
Narrow Emission-Line Galaxies 
The earliest proof that optically faint galaxies could be important contributors to 
the XRB came from the studies of Jahoda et al. (1991) and Roche et al. (1995). 
Einstein observations revealed that most spiral galaxies have their x-ray emission 
linearly related to their blue band luminosity (e.g. Fabbiano et al. 1992), and these 
authors cross-correlated galaxy catalogues with deep ROSAT x-ray observations. 
Roche et al. found that B<21 galaxies contribute to "' 5% of the XRB. A more 
significant result was obtained cross-correlating fainter galaxies with deep ROSAT 
images of the unresolved XRB, which implied that red and blue B < 23 galaxies 
were responsible, with similar amplitude, for "'23% of the unresolved XRB at 1 keV 
(Almaini et al. 1997). 
The discovery from deep ROSAT and ASCA observations of a new population of x-
ray luminous narrow emission-line galaxies (NELGs) triggered a significant advance 
in our understanding of the nature of the origin of the hard and faint x-ray back-
ground (e.g. Griffiths et al. 1996; Romero-Colmenero et al. 1996; Hasinger 1996; 
Georgantopoulos et al. 1996 ). These NELGs seemed to belong to the high luminosity 
end of the "normal" galaxy distribution and are characterized by x-ray luminosi-
ties typically 50 times brighter than normal field galaxies, as well as a convenient 
hard x-ray spectrum, needed to solve the spectral paradox. However, several ques-
tions such as which are the dominant mechanisms for their x-ray emission or their 
host galaxy properties were ill-constrained and had to wait for the new generation 
observatories Chandra and XMM to be thoroughly addressed. 
As for the dominant x-ray emission mechanism, it has been proposed that they 
could be evolved starburst galaxies in which x-ray emission comes from massive 
x-ray binaries (Griffiths & Padovani 1990). Indeed, it is known that galaxies un-
dergoing bursts of star-forming activity show higher x-ray to optical flux ratios 
than normal galaxies (Fabbiano et al. 1984) and David et al. (1992) have suggested 
a two-component model in which x-ray emission in starbursts comes both from 
long-lived low mass x-ray binaries (as in more passive spiral 'galaxies) and also 
from short-lived high mass binaries and supernovae. It is the emission from the 
latter, which they find directly proportional to 60 Jlm far infrared emission, that 
traces the star formation rate. However, x-ray NELGs are more x-luminous than 
any known starburst galaxy, which in turn also fail to provide hard enough spec-
tra to match the residual XRB. In particular, massive x-ray binary stars, although 
they have a similar spectral slope to the XRB, display a turnover at around 20 keV 
(White et al. 1983) which will shift to even lower energies for high redshift objects 
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Figure 1.5 : Absorption at x-ray energies for column densities of NH = 1021 , 1022, 
1023 and 1024 cm2 , derived using XSPEC. The incident spectrum is a power- law, 
I oc v- ax, with spectral index <Xx = 1. From Gunn ( 1999). 
and are thus incapable to account for the residual XRB which must come from a 
much broader range of redshifts . At least two further observational arguments 
seem to argue against the starburst origin of most of the x-ray emission in these 
galaxies: first, Iwasawa et al. (1997) showed that infrared fluxes of these NELGs are 
generally too low for the x-ray emission to be entirely due to starforming activity; 
second, emission-line ratios allowed Boyle et al. (1995) to identify the brightest 
ROSAT NELGs as a mixture of starburst and Seyfert 11 galaxies. 
Another popular explanation is that these galaxies contain a hidden AGN. In 
unified schemes for AGN (Antonucci 1993), x-ray emission can be absorbed and/ or 
scattered. Photo-electric absorption flattens the intrinsic AGN x-ray spectrum by 
removing the lower energy photons, which has the overall effect of hardening the 
observed spectrum (figure 1.5). Such models have been successfully employed to 
explain the spectrum of the entire 2-100 keV XRB and it is found that at Least "' 80% 
of its intensity can be explained in terms of obscured and unobscured objects, with 
hiding by column densities in the range 1021 ;S NH ;S 1025 cm- 2 affecting "' 5 times 
more sources than NH ;S 1021 cm- 2 unobscured AGN (Madau et al. 1994; Comastri 
et al. 1995; Gunn 1999; see figure 1.6 on the next page) . 
Starbursts and AGN need not be independent phenomena. In fact, there is a 
wealth of observations which indicate that in some cases they are closely related. 
Amongst the most significant, the similitude between the star formation history of 
the Universe (Madau et al. 1996) and the luminosity evolution of bright AGN (Boyle 
et al. 1994) or the discovery of obscured AGN surrounded by starburst regions 
(Iwasawa et al. 1997; Boyle et al. 1995). This makes it plausible that their x-
ray emission results from various degrees of importance of the two phenomena 
combined together. The relative contribution of each one of them in such hybrid 
model is, however, undetermined. 
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Figure 1.6: Comparison of different distributions of column densities in AGN popu-
lations used by various authors. Each is scaled to the same amount of unobscured 
objects (shown here at NH = 1019·5 cm- 2 ) and overla id as a solid box. Gunn (1999)'s 
model of a flat distribution of columns is shown as hatched regions; the Comas-
tri et al. (1995) model is shown as cross-hatched regions; these two models are 
shown slightly offset from one another for clarity. The Madau et al. ( 1 994) model 
is shown as the solid line describing a Gaussian distribution. From Gunn (1999). 
The present thesis has, as its major starting point, the aim to establish if x-ray 
luminous NELGs are the sources that are the major contributors to the hard XRB, 
along with finding an explanation for their dominant x-ray emission mechanisms. 
We build a case for a hidden AGN as the most likely explanation for such emission 
and, while NELG galaxies are indeed found to be major contributors to the hard XRB, 
they are so as the nearby representatives of a major class of obscured AGN, most 
of which is too faint for probing with current spectroscopic facilities and appear 
either as "normal" galaxies or as blank fields in optical observations (§ 4.1 and 
4.2). In particular, we find no evidence of significant contribution from starbursts 
to the XRB intensity. 
1.4.2 The WHOF & 10 x10 ks Chandra Surveys 
For this work we have been observing and identifying serendipitous x-ray hard 
and soft sources found in three fields with Chandra as a means to study the origin 
of the hard XRB , the nature of x-ray emitting galaxies and x-ray faint sources in 
general. 
Surveys above 2 keY have been undertaken by previous x-ray missions, but 
sensitivity and spatial resolution limits have always restricted their completeness. 
Uhuru (Forman et al. 1978), Ariel V (McHardy et al. 1981 ), HEA0-1 (Piccinotti et al. 
1982) and Ginga (Kondo et al. 1992) boarded collimator-type detectors instead of 
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imaging instruments and source confusion is significant with such technologies. 
Their sensitivity limits (rv 10- 11 ergcm-2s- 1 in the canonical 2-10 keY band) allowed 
to detect sources that account for rv 3% of the hard XRB. And most being identified 
with bright unobscured AGN, which had a spectral slope much steeper than that of 
the XRB and hence could not contribute to the bulk of the hard XRB. Better results 
already indicating the emergence of a faint, hard, x-ray population were obtained 
with ASCA and BeppoSAX, which resolved rv 30% of the XRB2-10 keY into discrete 
sources at flux levels of a few 10- 14 ergcm-2s- 1 (Inoue et al. 1996; Ueda et al. 1999; 
Georgantopoulos et al. 1997; Cagnoni et al. 1998; Fiore et al. 1999). However, 
the sources contributing the bulk of the 2-8 keV XRB were not found prior to the 
launch of Chandra and XMM-Newton. 
OSOP4 & F864 Fields 
Chandra targeted the GSGP4 and F864 extragalactic fields to build upon older studies 
of shallower and wider areas in the Deep RosAT Survey (Shanks et al. 1991). Since 
QSOs were deemed very important x-ray emitters, the original ROSAT observations 
of these two fields were centred on two ultraviolet excess (uvx) QSO fields of Boyle 
et al. (1990) and Boyle et al. (1991), respectively. This enabled a prompt identifica-
tion of osos as optical counterparts to many x-ray sources. Further spectroscopic 
follow-up revealed that QSOs account for 30- 50% of the XRB at 1 keY (Boyle et al. 
1994). ASCA observations in the 2-8 keV band in these fields showed the existence 
of a population of hard sources emerging at faint fluxes (Georgantopoulos et al. 
1997). 
In November-December 2000 we undertook a wide solid angle, intermediately 
deep, x-ray survey of the GSGP4 and F864 fields. Chandra instrument ACIS-5 was 
employed to follow seven subregions in GSGP4 and an extra three in F864 for rv 10 ks 
each (hence the name "10 x 10 ks" by which these surveys will be collectively called 
in this thesis; see table 2.1 for the journal of the observations). The ten paintings 
cover an effective solid angle of just over a square degree and reach a sensitivity 
depth of 3-10- 15 ergcm-2s- 1 in the 0.5-2 keY soft band and of l -10- 14 ergcm-2s- 1 
in the 2-10 keY hard band. However, due to degrading effects off the aiming 
point (see § 2.1.2), we decided to make use of the full data in the 53 chip only, 
complementing it with individual conspicuous sources in neighbouring chips. This 
action reduces the actual survey area in our analyses to rv 0.2 deg2. 
These exposures represent a compromise between studying a faint population 
highly relevant to the hard XRB and, by surveying a large area, minimising the 
cosmic variance due to the discrete nature of the XRB and to Chandra's tiny field of 
view (which produced about 40% spread in the normalisations of different fields; 
cf § 2.4.2 and Cowie et al. 2002). Indeed, the 2-10 keY source counts turn 
over around l0- 14 ergcm-2s- 1 and therefore source numbers are maximised per 
unit exposure time in short, 5-20 ks, exposures like our own. This survey in the 
hard band is therefore designed to fill a gap at intermediate fluxes between deeper 
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Field U (u) B (b) R (r) I (i) Z (z) H K 
WHDF central 27 28.2 26.5 25.5 23 20 
WHDF extended 26 26 24 23 
F864 (22) 26.3 (22.2) 25.7 (22.2) (21.3) (20.5) 
GSGP4 25 24.5 23.5 
Table 1.1: Summary of the photometric limits of the surveyed fields. 
and narrower Chandra and XMM observations and shallower BeppoSAX and ASCA 
surveys. 
As well as the availability of several x-ray observations with previous observato-
ries which allow for comparisons and variability studies (see§ 2.3.1, for instance), 
the 10 x 10 ks survey has the advantage of high quality follow-up optical spectro-
scopic and photometric observations. Apart from our own campaigns, the GSGP4 
and F864 fields overlap with the two largest observational programs ever under-
taken in optical wavelengths: the Sloan Digital Sky Survey (soss, 7 York et al. 2000) 
and the 2dF Galaxy and Quasar redshift surveys (2dFGRS, 8 Colless et al. 2001; and 
2QZ,9 Croom et al. 2001, respectively), which provide an unprecedented spectro-
scopic and photometric database which we exploit to full advantage. The soss is 
a major imaging and spectroscopic ongoing effort to provide 106 spectra and cover 
105 deg2 of the sky in the five u, g, r, i, z bands down to g ,..., 23 magnitude, thus pro-
viding a uniform and homogeneous multi-colour catalogue (Fukugita et al. 1996; 
Stoughton et al. 2002). The 2dF redshift surveys, completed in July 2003, are 
two integrated major spectroscopic efforts that exploited the capabilities of the 2dF 
multi-fibre spectrograph on the 3. 9 m Anglo-Australian Telescope (AAT) to obtain 
spectra for a quarter million objects over an area of approximately fifteen hundred 
square degrees. Table 1.1 summarises the photometric coverage in our surveys; 
for the full relevant details regarding follow-up observations the reader is referred 
to chapter 3. 
WHDF 
To complement the 10 x 10 ks surveys and probe deeper into fainter fluxes, where 
most of the XRB is produced, we conducted in December 2000 a single moderately 
deep 75 ks observation of the William Herschel Deep Field (WHDF) with Chandra's 
ACIS-I detector. The observation reaches fluxes of 4-I0- 16 ergcm-2 s- 1 in the soft 0.5-
2 keV band, 3 · I0- 15 ergcm-2s- 1 in the hard 2-8 keV band and 1 · I0- 15 ergcm-2 s- 1 
in the total 0.5-8 keV band, and resolves over,..., 70% of the hard XRB (§ 2.4.3). 
A few ultradeep observations, such as the 2 mega-second CDF-N survey, have 
essentially resolved the XRB in the 2-8 keV band down to 1.4 x to- 16 ergcm-2 s- 1 
7http://www.sdss.org 
8 http://msowww.anu.edu.au/2dFGRS/ 
9 http://www.2dfquasar.org 
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Figure 1. 7: Central 7' x 7' Herschel Deep Field true colour image, formed by 
mapping U , B and R images into blue, green and red respectively. Photometry 
reaches 830 = 28.2 at its deepest. 
(Alexander et al . 2003). These studies provide an excellent chance to find the great-
est numbers of sources that contribute, at any rate, to the XRB. However, given 
that the cumulative counts quickly flatten at fluxes fainter than "" 10- 14 ergcm- 2 s- 1 
it is the 70-300 ks x-ray surveys like this one in the WHDF that are finding most of 
the hard x-ray sources that contribute to the bulk of the background. The study 
of these sources will constrain the nature of most of the sources of the XRB at these 
energies. 
The WHDF is particularly well-suited for these analyses. It is a high galactic lati-
tude field, which maximises extragalactic detections, and its location in the constel-
lation of Pisces in the celestial equator makes it a feasible target from observatories 
in both hemispheres. It has been the subject of an extensive observing campaign 
from optical to infrared wavelengths, reaching depths of U ""27, B "" 28, R "" I "" 26, 
H "" 22.5 and K ""20 over 50 arcmin2 (Metcalfe et al. 2001; McCracken et aJ . 2000). 
To match the ACIS-I exposure, it has recently been extended to a 16 x 16 arcmin2 area 
in the B (,S 26), R (,S 26), I (,S 24) and Z (,S 23) bands (table 1.1 ). 
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1.5 Summary 
A fundamental goal of observational cosmology is to elucidate the relationships 
between galaxies and AGN, of utmost relevance for large scale structure formation. 
These are most evident in the black hole-galactic bulge relationships (Mbulge : M. :a.) 
in the local universe reported by Magorrian et al. (1998) and further studied by 
Ferrarese & Merritt (2000), and also in the similar AGN space density and star 
formation histories of the Universe. 
While studies based on optical properties of galaxies miss a large fraction of 
AGN, better datasets can be obtained from x-ray surveys. Hard x-rays are able to 
penetrate the thick nebulae and, on the grounds that AGN contain massive black 
holes in the centres of galaxies which are powered by accretion processes and are 
surrounded by dense clouds of gas and dust, observations in these wavelengths 
reach highly obscured AGN which are otherwise absent in optical images. 
We have undertaken two x-ray surveys amounting to 175 ks of Chandra obser-
vation in the WHDF, GSGP4 and F864, three high latitude extragalactic fields with 
sufficiently low Galactic neutral hydrogen column densities as to maximise visi-
bility of extragalactic sources and minimise contamination by Galactic stars and 
hot gas above "' 0.3 keV These observations, complemented with a strong opti-
cal follow-up program, aim at providing new constraints on our understanding 
of galaxy and AGN evolution by investigating the sources that contribute most to 
the x-ray background. The origin of the XRB, particularly at hard energies, has 
been an active subject of research for over 40 years and, despite that Chandra 
and XMM-Newton have resolved most of it into individual sources, their nature re-
mains largely a mystery. This is in good measure a result of the difficulty to pursue 
optical spectroscopic follow-up for about half of the samples, where obscuration 
renders the objects very faint. Nevertheless, it is hard to overstate the importance 
of the(> 2 keV) XRB as a probe of black hole evolution. 
Observationally, it seems now well established that the cosmic background at 
x-ray regimes is largely due to accretion onto SMBH integrated over cosmic times 
and that it therefore accounts for the integrated x-ray emission from all objects 
and processes in the Universe since it was about a billion yeats old (0 ,:S z ,:S 10). 
At soft energies it is dominated by AGN, most of which are type 1 Seyferts and 
QSOs. At hard energies, a population of flat-spectrum sources at faint fluxes are 
responsible for a major fraction of the background. Although several type 11 AGN 
have been identified amongst this population and they seem to be the dominant 
contributors, the relative importance of the contribution from star formation is 
still ill-constrained. Dilucidating this question is important from several fronts. 
For one thing it would provide new handles on our understanding of the links 
between AGN and star formation. More immediately, though, it would help clarify 
the fraction of obscured (be it for weak emission lines or obscured by dust in the 
optical or absorption by gas in the x-rays) to unobscured AGN in the Universe at 
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different epochs. This is a crucial question risen from XRB population synthesis 
models which needs to be confronted and, clearly, the most advantageous tools we 
have are surveys of the x-ray background. 
This thesis presents work which is largely motivated by all of these issues. It is or-
ganised as follows. Chapter 2 describes the x-ray data and their analysis, including 
the generation of the catalogues, source number count, spectral and introductory 
variability studies(§ 2.2.3, 2.4, 2.5 and 2.3, respectively). Chapter 3 is concerned 
with the optical follow-up: imaging and spectroscopic data acquisition and re-
duction. In chapter 4 we combine the data and results from the two preceding 
chapters to classify the sources into different categories and discuss the origin of 
their x-ray emission (§ 4.1), the properties of x-ray galaxies (§ 4.2), the XRB pop-
ulation synthesis models (§ 4.3), etc. This chapter is complemented with a study 
of the evolutionary properties of early-type galaxies (§ 5). Finally, in chapter 6 we 
summarise the main conclusions of this work. 
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CHAPTER II 
x-ray Data 
. . . and all that jazz. 
X-ray astronomy bade farewell to the last millennium in full swing. The launch 
in 1999 of two excellent x-ray facilities, Chandra and XMM-Newton, has brought 
what many astronomers already call the golden age of x-rays. They have provided 
an unsuspected wealth of high quality data and, complementary as they are, truly 
revolutionised the field. 
We have undertaken with Chandra two x-ray surveys of the cosmic x-ray back-
ground in three different extragalactic regions of the sky, to investigate the nature 
of the hard and soft sources that are serendipitously detected at faint fluxes. Ten 
observations of 10 ks each have been conducted in fields GSGP4, in the south galac-
tic pole, and F864, in the north galactic cap. A further single 75 ks observation 
has been undertaken on the Herschel Deep Field, on the celestial equator. In total, 
140 sources down to hard band fluxes of 3 · w- 15 ergcm-2 s- 1 (SIN 2: 3) have been 
detected in the combined datasets. 
The present chapter is concerned with this data. We start reviewing the main 
characteristics of the instrumentation involved(§ 2.1). Then, section 2.2 describes 
the procedures related to the reduction of the data, the detection of sources and 
it also presents the catalogues of the main x-ray properties for the samples. In 
section 2.3 we give a brief account of variability issues of the x-ray sources de-
tected. We proceed in section 2.4 with a discussion of the source number counts 
versus flux relation in some of its most notable forms: we calculate the available 
area of the survey as a function of flux in order to compute the cumulative and 
differential source counts, which are compared to other surveys. In this section 
we also show that the sources in the WHDF account for :2: 70% of the hard XRB, 
with the major uncertainty coming from the dispersion on its normalisation. Fi-
nally, we close this chapter with a review of the x-ray spectral properties of the 
detected sources, confirming the solution of the "spectral paradox" of the XRB and 
noting the existence of a bright hard population which contributes appreciably to 
the background(§ 2.5). 
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2.1 The Chandra X-ray Observatory 
After considerable delay and major restructuring, the Chandra x-ray Observatory 
( cxo; Weisskopf et al. 2000 and 1996) was finally launched by NASA on July 23, 
1999, into a highly elliptical orbit. As the satellite spends about 80% of the time 
above the van Allen radiation belts, this allows for reasonably high observing effi-
ciency; its orbiting period of ,...., 64 hours means that continued observations of up 
to '"'"' 175 ks are possible. 
Of interest to us, Chandra's principal scientific elements are the High Resolu-
tion Mirror Assembly (HRMA) and the on-axis scientific instruments. These will be 
reviewed and contextualised in the following pages. 
2.1.1 Focusing X-rays 
The construction of imaging x-ray optics is a difficult problem which was pio-
neered in the middle of the last century at the construction of x-ray microscopes 
by H. A. Kirkpatrick, A. \1. Baez and H. Wolter. The weak refraction, with a re-
fraction index slightly smaller than 1, suggests optical systems where total reflec-
tion is achieved by approaching incidence at grazing angles (Compton 1923). To 
overcome the astigmatism inherent in any single mirror system (Jentzsch 1929), 
Wolter showed in 1952 that an image over an extended field of view can be formed 
by glancing reflections off a combination of a paraboloid and either a hyperboloid 
or an ellipsoid coaxial and confocal mirrors. The simplest of these design, known 
as Wolter type 1 and shown in figure 2.1, allows for several nested mirrors so that 
the effective area of the telescope is increased many-fold. For this reason it is a 
favourite design of astronomical x-ray telescopes and is also featured in Chandra. 
The High Resolution Mirror Assembly (HRMA) consists of a nested set of four 
concentric thin-walled, iridium-coated, mirror pairs reflecting 0.1-10 keY x-rays 
into one of the four focal plane detectors, ACIS-I/S or HRC-1/S (figure 2.2; van Spey-
broeck et al. 1997). Their diameters range from 1.23 to 0.6 m, have a focal length 
of 10 m and an unobscured clear aperture of 1145 cm2 . This yields effective areas 
of "'800 cm2 at "'0.25 keY, rv 400 cm2 at around 5 keY and "' 100 cm2 at 8 keV. The 
images it produces have a half-power diameter of the point-spread function (PSF) 
of < 0.5", which is well matched by the detectors' pixel size and resolution. This 
means that Chandra is capable of subarcsecond angular resolutions, an increase 
of an order of magnitude over any previous x-ray telescope. lt therefore provides 
an excellent opportunity for high angular and spectral resolution of x-ray sources. 
Nevertheless, the PSF quickly broadens, and the encircled energy fraction decreases, 
as the off-axis angle increases due to mirror aberrations (see figures 2.3 and 2.4). 
Furthermore, the performance also degrades at higher energies because of larger 
x-ray scattering; figure 2.6 on page 28 shows the effective area available as a func-
tion of the energy of incident photons for the Chandra instruments. 
The evolution of galaxies and AGN from deep x-ray and optical surveys 
CHAPTER 2. X-RAY DATA 2. 1. THE CHANDRA X-RAY OBSERVATORY 
Confocal parnholoid 
& hypcronloid , 
/ 
, 
F• 
Reflecting. '>tni 'acc ... 
Figure 2 .1: Wolter 1 imaging system, consisting of a paraboloid-hyperboloid pair. 
This is an aplanatic system of grazing incidence mirrors free of spherical and coma 
aberrations . The HRMA aboard Chandra features this design, which lends itself 
to nesting several mirrors inside one another to increase the effective area of the 
telescope . 
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Figure 2 .2 : High Resolution Mirror Assembly (HRMA) aboard Chandra . Four con-
centric mirror pairs are nested in a typical Wolter type 1 design. The mirror outer 
diameters are 1.23, 0 .99, 0 .87 and 0 .65 m and it has an unobscured clear aperture 
of 1145 cm2 and focal lengths of 10m. 
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Figure 2.3 : Simulated PSFs for the HRC-1 instrument at 1.497 keY as a function 
of off-axis angles; clockwise from the top left, off-axis angles: 0, 1.5' , 3' , 12' and 
6' . FOV rv0.5'. The point-spread function of the Chandra telescope depends on 
the spectral energy distribution of the source and location in the telescope field of 
view. Because of the Wolter type 1 design, the image quality is best in a small area 
centred about the optical axis. The on-axis PSF has a circular symmetry and the 
best resolution is achieved for photon energies around 0 .277 kev; where the PSF can 
be approximated by a single Gaussian with 85% of the energy within less than 1 ". 
At lower or higher energies and at larger off-axis angles the resolution degrades . 
See also figure 2.4 which shows the 85% encircled energy diameter as a function of 
off-axis angle and energy. (From the CXO Detect Manual.) 
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eta!. (2000). 
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Figure 2.5: Schematic drawing of the ACIS focal plane. The nominal aimpoints are 
marked with a'+' on 53 and 'x' on I3. 51 & 53 are BI chips; the rest, Fl. The view is 
along the optical axis, from the source towards the detectors. From the "Chandra 
proposers' observatory guide". 
2.1.2 The ACIS Instrument 
The four focal plane science instruments are the High Resolution Camera S & I 
(HRC-5/ I) and the AXAF ceo Imaging SpectrometerS & I (ACIS-S/ 1) . 1 Our data were 
taken with the ACIS detectors and hence only these are reviewed. 
ccos have become the de facto standard detectors in astronomy. In the field of 
x-rays, they have spatial resolution comparable to microchannel plates and better 
energy resolution than gas proportional counters. ACIS (Garmire et al. 2003) con-
sists of 1 0 planar 1024 x 1024 pixel cc os tilted tangential to the focal plane; pixel 
size is 24 ,urn, corresponding to a pixel scale of 0 .492". Six of the chips are arranged 
in a 1 x 6 array (8 .3 1 x 50.6 1) and are used either for imaging or as a grating read-
out; collectively, they form the ACIS-5 detector. The second and fourth element of 
the array are back-illuminated (BI), whereas the rest are front-illuminated (FI). 2 
ACIS-I consists of an array of 2 x 2 FI chips (16.9 1 x 16.9 1), used for imaging. At 
any one time, any combination of up to 6 chips can be active. The on-axis image 
quality is rv 0.5 II FWHM, increasing to rv 3 II at rv 4 I off-axis. Their disposition on 
the focal plane is shown in figure 2.5. 
1 S and I stand for 'spectrograph' and ' imager ' respectively. As for 'ACIS', different versions specify 
that the first 'N stands just for 'Advanced' . 
2 Back-illuminated devices (gate structures opposing the incident beam) have better response to 
lower-energy photons than front-illuminated chips (gate structures facing beam) . Below 0 .3 keY 
the quantum efficiency (including the optical blocking filters) of the front illuminated chips drops off 
steeply. A steep rise of the background due to charged particles is also observed . 
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Figure 2 .6 : Predicted effective areas of the HRMA, HRMA/ ACIS and HRMA/ HRC as 
a function of energy. The structure near 2 keV is due to the iridium M-edge. 
The HRMA/ ACIS effective areas are the products of the HRMA effective area and 
the quantum GSGP4 efficiency of ACIS-I-3 (front illuminated) or ACIS-S-3 (back-
illuminated) chips . For the FI chip, the on-axis effective areas (integrated over the 
PSF to > 99% encircled energy) are 110 cm2 at 0 .5 keY, 600 cm2 at 1.5 keV and 40 cm2 
at 8 keV Vignetting at 10' from the aimpoint reduces the effective area by a factor 
of"' 0.2. From the "Chandra proposers ' observatory guide". 
Energy Resolution 
ACIS is designed to provide high resolution spectral and temporal photon-counting 
images of x-ray objects. Originally, The FI ccos approached the theoretical limit 
for the energy resolution at almost all energies (results ranging from 60 eV FWHM 
at 1 keV to 150 eV at 8 keV), while the BI ccos exhibited poorer resolution. 
However, during the first stages of the mission, a strong low energy proton flux 
in the radiation (the belts contain protons of about "' 100 keV at intensities of 
rv 108 protonscm2 seC1) harmed the Fl chips by increasing their charge transfer in-
efficiency. The BI ccos, placed upside-down, have enough extra bulk silicon pro-
tecting their gate structures to stop a few hundred keV protons and suffered no 
deterioration. 
At the time of the observations we were unsure of the outreach of the damage 
and, for caution, decided to use the ACIS-s configuration, with aimpoint on BI 53, 
for the 10 x 10 ks exposures. The WHDF was observed in the AC IS-I mode, more 
appropriate for imaging, and can be seen in figure 2.7 . 
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Figure 2.5: Schematic drawing of the AC IS focal plane. The nominal aimpoints are 
marked with a'+' on 53 and 'x' on I3. 51 & 53 are Bl chips; the rest, Fl. The view is 
along the optical axis, from the source towards the detectors . From the "Chandra 
proposers ' observatory guide". 
2.1.2 The ACIS Instrument 
The four focal plane science instruments are the High Resolution Camera S & I 
(HRC-S / 1) and the AXAF ceo Imaging SpectrometerS & I (ACIS -S/1) .1 Our data were 
taken with the ACIS detectors and hence only these are reviewed. 
ccos have become the de facto standard detectors in astronomy. In the field of 
x-rays, they have spatial resolution comparable to microchannel plates and better 
energy resolution than gas proportional counters. ACIS (Garmire et al. 2003) con-
sists of 10 planar 1024 x 1024 pixel ccos tilted tangential to the focal plane; pixel 
size is 24 ,urn, corresponding to a pixel scale of 0.492 11 • Six of the chips are arranged 
in a 1 x 6 array (8.3 1 x 50.6 1 ) and are used either for imaging or as a gra ting read-
out; collectively, they form the ACIS-5 detector. The second and fourth element of 
the array are back-illuminated (BI), whereas the rest are front-illuminated (F1) .2 
ACIS-1 consists of an array of 2 x 2 Fl chips (16.9 1 x 16.9 1), used for imaging. At 
any one time, any combination of up to 6 chips can be active. The on-axis image 
quality is rv 0.5 II FWHM, increasing to "' 3 II at "' 4 I off-axis . Their disposition on 
the focal plane is shown in figure 2.5 . 
1 S and I stand for 'spectrograph ' and ' imager ' respectively. As for 'AC IS', different versions specify 
that the first 'N stands just for 'Advanced '. 
2 Back-illuminated devices (gate structures opposing the incident beam) have better response to 
lower-energy photons than front-illuminated chips (gate structures facing beam) . Below 0 .3 keY 
the quantum efficiency (including the optical blocking filters) of the front illuminated chips drops off 
steeply. A steep rise of the background due to charged particles is also observed . 
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Figure 2.6: Predicted effective areas of the HRMA, HRMA/ ACIS and HRMA/ HRC as 
a function of energy. The structure near 2 keY is due to the iridium M-edge. 
The HRMA/ ACIS effective areas are the products of the HRMA effective area and 
the quantum GSGP4 efficiency of ACIS-1-3 (front illuminated) or ACIS-S-3 (back-
illuminated) chips . For the FI chip, the on-axis effective areas (integrated over the 
PSF to > 99% encircled energy) are llO cm2 at 0.5 keY, 600 cm2 at 1.5 keY and 40 cm2 
at 8 keV Vignetting at 1 O' from the aimpoint reduces the effective area by a factor 
of "' 0.2. From the "Chandra proposers' observatory guide". 
Energy Resolution 
ACIS is designed to provide high resolution spectral and temporal photon-counting 
images of x-ray objects. Originally, The Fl ccos approached the theoretical limit 
for the energy resolution at almost all energies (results ranging from 60 eV FWHM 
at 1 keY to 150 eY at 8 keY), while the BI ccos exhibited poorer resolution. 
However, during the first stages of the mission, a strong low energy proton flux 
in the radiation (the belts contain protons of about "' I 00 keY at intensities of 
rv 108 protonscm2 sec- 1) harmed the Fl chips by increasing their charge transfer in-
efficiency. The Bl ccos, placed upside-down, have enough extra bulk silicon pro-
tecting their gate structures to stop a few hundred keY protons and suffered no 
deterioration. 
At the time of the observations we were unsure of the outreach of the damage 
and, for caution, decided to use the ACIS-5 configuration, with aimpoint on BI 53 , 
for the 10 x 10 ks exposures. The WHDF was observed in the AC IS-1 mode, more 
appropriate for imaging, and can be seen in figure 2 . 7. 
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Figure 2. 7: Inverted true-colour image of 75 ks with Chandra on the WHDF 
(a = oo" 22111 33.35 , + 00° 20'55.0", J2000), taken in January 2001. Soft sources ap-
pear cyan, while hard sources are yellow. Note the population of magenta and 
yellow objects showing up in this image. 
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2.2 Data Reduction 
Between November of 2000 and January of 2001, Chandra imaged the WHDF, 
GSGP4 and E864 fields for a total of 175 ks with the ACIS instrument. A log of the 
observations is found in table 2.1 on the following page. On all occasions, ACIS 
was operated using six active chips to increase the chances of serendipitous science. 
Issues like saturating telemetry were highly improbable due to the nature of our 
surveys which aimed at extragalactic blank fields. The data delivered from ACIS 
undergoes some local processing onboard which, apart from removing bias (the 
amount of charge in a pixel not exposed to any x-ray induced signal), identifies the 
position and amplitude of any events according to a number of criteria depending 
on the precise operating mode. An x-ray event always requires a local maximum in 
the charge distribution above the defined threshold; then they are graded according 
to the position and amount of charge collected in a limited region containing and 
surrounding the pixels; and finally passed into the telemetry stream. We operated 
the ACIS-1 instrument in very faint mode (VFAINT; at -120° C on the focal plane). 
This format provides the event position in the focal plane where it took place, time 
of occurrence, its amplitude and the pixel values in a 5 x 5 island about the pixel 
responsible for the event (although events are still graded by the contents of the 
central 3 x 3 cell). ACIS-s was operated in FAINT mode (as for the contents of the 
surrounding pixels, just the 3 x 3 island is provided). In our analysis, only events 
with standard ASCA grades 0, 2, 3, 4 and 6 were included while bad columns, hot 
pixels and columns at the limits of the readout nodes, where event select does not 
work properly, were discarded. 
During the observations the spacecraft was dithered in a Lissajous figure, span-
ning 16" peak to peak. This serves the purposes of exposing the gaps in-between 
chips and of smoothing out pixel-to-pixel gain variations. The dither is removed 
during high-level ground processing of the data. 
The data were reduced and analysed using standard methods and the Chandra 
Interactive Analysis of Observations (CIAO) software, version 2.0 provided by the 
Chandra x-ray Centre (cxc). 3 
2.2.1 source Detection 
Apart from undetected contributors to the XRB, background of x-ray detectors for 
astronomy can be broadly divided in two components: diffuse sky background 
(hard cosmic ray induced events) and instrument background. Chandra has a very 
low and uniform instrumental background and at our exposures we are always 
signal limited. Furthermore, the background count rate, except during periods of 
solar flaring activity, is rather stable. The problem from flares is particularly acute 
for the BI chips, where high-background periods affect the observations 5-10% of 
3 http://asc.harvard.edu/ciao/ 
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Table 2.1: Journal of the Chandra observations. All were undertaken between November 2000 and January 2001. 
Obs. IDa Thrget RAb DECb NH' Expositiond Obs. mode Bck.grnd (SJ' Bck.grnd (H)' Bck.grnd (T)e 
900069 GSGP4X:048 ooh 57"' 17. JS -27° 22' 03.0" 1.8 11843 ACIS-S/FAI NT .0044 .0067 .010 
900070 GSGP4X:057 ooh 57"' 26.0' -2r 43'38.0" 1.8 8963 ACIS-S/FAINT .030 .058 .086 
900071 GSGP4X:069 ooh 57"' 36.7-' -27° 33' 05.011 1.8 9245 ACIS-5/FAINT .039 .073 .11 
900072 GSGP4X:082 ooh 57"' 49.7s -2r 23' o6.o" 1.8 8960 ACIS-S/FAINT .0069 .011 .019 
900073 GSGP4X:091 ooh 58"' 01.3s -27° 53' 11.0" 1.8 9456 ACIS-S/FAINT .0024 .0034 .0057 
900074 GSGP4X:109 ooh 58"' 24.4s -27° 29'23.0" 1.8 11920 ACIS-5/FAINT .0017 .0021 .0041 
900075 GSGP4X:114 ooh 58"' 36.4s -27° 48' 49.011 1.8 12138 ACIS-S/FAINT .0043 .0026 .0071 
900076 RXJ13434+0001 13h 43"' 29 .2-' +00° 01'33.0" 2.6 9952 ACI5-S/FAINT .0024 .0048 .0048 
900077 F864X:052 13h 44"' 07.3" -00° 28' 33.0" 2.6 9574 ACI5-5/FAINT .0018 .0043 .0043 
900078 F864X:012 13h 44"' 25.1-' -ooo 01' 07.0" 2.6 9760 ACIS-5/FAI NT .0020 .0046 .0046 
900079 WHDF ooh 22"' 33.3' +00° 20' 55.011 2.7 71221 ACI5-I/VFAINT 0.082 0.153 
"Chandra observation identifier 
bNominal pointing; J2000. 
'Hydrogen column density in units of 1020 cm-2 
dlntegration time, in seconds 
'Background estimates (in countspixel- 1) in the soft (S), hard (H) and total (T) x-ray bands. 
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Figure 2.8: Light curve plot of the background regions in the WHDF, using 200-
second time bins and the total 0.5-8 keV band. No significant high-background 
periods (with count rates 3 .5cr higher than the average) are found during the 75 ks 
exposure. More stringent conditions for the removal of high background times 
were not deemed necessary considering the low level of the quiescent background. 
the time. Their effect on FI chips is less severe. The flares can be identified by exam-
ining light curves of source-free regions of the data. We produced lightcurve plots 
such as that shown in figure 2 .8 for the WHDF, using M. Markevitch's L c _ CLE A N 
tool. We find for example that the average residual cosmic background rate in the 
2-8 keV band in the direction of the WHDF is "' 10 countss - 1 over the entire AC!S-1 
detector. 
Cell detect 
ACIS' low background generally makes detecting sources an easy task. There are 
various techniques for source selection, including sliding cells, wavelet-based al-
gorithms and the optimal matched filter method. The sliding cell method is the 
best known for x-ray images; it was developed for the Einstein observatory and 
was heavily employed with ROSAT. This is a fast and robust method optimised for 
the detection of faint isolated unresolved sources in which the cell jumps by one 
third of its size and candidate regions are flagged whenever the net counts exceed 
the desired enhancements over the background. Wavelet-based algorithms are bet-
ter suited to separate closely spaced point sources while the optimal match filter 
algorithm excels at the detection of faint low surface brightness features. 
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Since neither crowded fields nor extended sources are an issue in any of our ex-
posures, we decided on the use of the CELLDETECT sliding cell algorithm (Calder-
wood et al. 2001) to detect our sources. It has two variants according to how 
the backgrounds are computed: "local detect" estimates the background from a 
frame around the detect cell whereas "map detect" requires a background map. 
As figures 2.3 and 2.4 show, the PSF varies strongly with the off-axis angle and 
also with photon energy. Therefore, different detect cell sizes are appropriate for 
different spatial regions and for different energies. cELL DETEcT compensates for 
this by increasing the size of the cell with off-axis distance. The user specifies the 
reference energy band and the desired encircled energy to be encompassed in the 
detect cell, and cELL DETEcT, with a knowledge of the instrument, calculates the 
radius at which the PSF reached the given encircled energy. Harnden et al. (1984) 
indicate that the optimum cell size is approximately 3.6 times the sigma of the PSF; 
for a Gaussian PSF that corresponds to the encircled energy setting of 0.80 and that 
is the value we used. 
Given a signal-to-noise threshold ratio, SNRthr, CELLDETECT outputs the detec-
tion cells in which the condition SNR :::>: SNRthr is fulfilled. In the case where the 
background is estimated from the background frame, SNR is given by equation 2.1: 
(2.1) 
S is the expected total source counts in the square detection cell of sized; C is the 
total counts in the detect cell; Q is the total counts in the surrounding background 
frame, which is a b x b box.4 Overall we have found that a frame surrounding the 
cell to estimate the background locally has a good efficiency at finding sources that 
are not too distant (;S 7 ') from the aim point. At larger distances, extended false 
detections in the vicinity of significant exposure variations (such as those due to 
detector edges) become a problem when used with a low SNR threshold and visual 
re-inspection is required to filter out spurious sources. 
We generated three energy-dependent images in the soft 0.3-2 keY, hard 2-8 keY 
and total 0.3-8 keY bands binned every two pixels in both directions and sources 
were extracted independently for each image. We followed Brandt et al. (2000) 
and used the 2-8 keY hard band to minimise instrumental backgrounds and thus 
maximise the signal-to-noise ratio. As explained below in § 2.2.2, at a later stage 
we used a convenient flux conversion factor and converted to the standard hard 
2-10 keY ASCA band in order to allow comparisons with results from the liter-
ature. Running CELLDETECT in different fashions (with and without a constant 
background, with various fixed and variable detection cells, ... ) did not result in 
any appreciable differences in the outputs. 
4 CJ equation 2.5 and Harnden eta!. (1984). 
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Figure 2.9: Number of sources in the WHDF detected in annuli bins centred about 
ACIS-1 aimpoint. All the bins have the same area (rv 40'); errors are Jn. The off-
axis distance that corresponds to each annulus' outer diameter can be read in the 
bottom of the figure. Apart from a dip close to the crux formed by the chip gaps, 
the source density is consistent with being constant out to a radius of "" 7' , and 
then shows a gradual decrease . 
Detections 
Sources were detected to a SNR limit of 2. Table 2.2 on the following page lists a 
breakdown of source detections in the different energy bands. Above a SNR of 3, 
almost 150 sources were detected in at least one band, 40 of which were detected in 
the hard 2-8 keV band and 99 in the soft 0 .3-2 keV band. Note that, amongst the 
hard sources, over 75 % are detected as well in the soft band with a high significance 
(SNR ~ 3). If the hard population is representative of highly obscured AGN, this in-
dicates that, even in type 11 AGN, significant soft emission can still be produced (by 
means of scattering, partial covering of the central radiation, etc; see Turner et al. 
1997, for instance). It could as well be that the hard population is found at very 
high redshifts (z ~ 2), in which case hard emission would be shifted into the soft 
band. Optical spectroscopy for these sources can clarify the situation and in chap-
ter 4 we will argue that most of these sources are indeed obscured AGN at z :S 1.5. 
This proportion drops from almost 80 to just 40% if the least significant detections 
are also considered; therefore, sources detected in the 2.5 ~ s;N ~ 2 significance band 
should be regarded with some caution, specially if they are also detected with a 
lot of counts, indicative then of large detection cells far off-axis. As for the soft 
sources, only between li.J and lh are detected in the hard band. Despite the fact 
that this effect can be partially attributed to Chandra's improved sensitivity in the 
soft band, it already anticipates that a large fraction of the soft x-ray background 
in these surveys will be caused by unobscured type 1 AGN. 
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SNR hdd Any Spurs. Total 
Wlllll 32 0 32 
:::>5 GSGI'4 19 0 19 
FH64 
\\'IIIJF 
l~Sl~i'4 
FH64 
Wlll1F 
G:SGP4 
FR64 
W!IPF 
::::: 2.5 c;SGP4 
FH64 
Wlllll' 
11 
42 
31 
14 
69 
51 
20 
102 
66 
26 
170 
c;sc;P4 122 
1'864 41 
0 
5 
3 
3 
25 
1.'i 
100 
75 
25 
11 
41 
31 
14 
66 
50 
20 
91 
65 
26 
143 
113 
41 
Hard 23 
10 9 
0 0 
0 
15 
0 
1 
31 
5 
4 
47 
13 
5 
77 
25 
8 
0 
14 
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32 
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2 25 
9 
0 
0 
14 
0 
26 
'i 
4 
32 
9 
'i 
36 
u 
2.2. DATA REDUCTION 
2 2 Soft 2 3 
10 20 17 
0 14 3 
0 
15 
0 
27 
5 
4 
:u 
9 
37 
13 
7 
11 
32 
23 
12 
49 
32 
18 
59 
44 
22 
80 
67 
28 
4 
20 
3 
4 
22 
4 
4 
25 
4 
26 
5 
4 
2 2.5 
1H 
7 
24 
7 
5 
2H 
H 
5 
32 
9 
5 
l.1 
9 
'i 
IH 
H 
25 
10 
J I 
12 
Table 2.2: Summary of Chandra x-ray detections above a signal-to-noise ratio of 2 
tabulated for each observed field. The numerals are the number of sources detected 
above the s;N ratio specified on the left-most column. Any, Total, Hard and Soft 
headline the energy band of the detections: any band (sources with a given 5/N 
in at least one band); 0.3-8 keV total band; 2-8 keV hard band; 0.3-2 keV soft 
band. Scriptsize numbers to the right of the Hard and Soft columns are to be 
understood as the quantity of hard and soft sources which have a counterpart in 
the soft and hard bands, respectively, detected with a significance as specified in the 
corresponding column header. Note in particular that many of the hard sources 
have a very bright soft counterpart. The fourth column, in scriptsize, presents 
estimates of the number of spurious sources amongst the numbers of the third 
column based on false detection rates in CELLDETECT run on sets of simulated 
Chandra data that contained only a background-like component. 
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Figure 2.10: Exposure map in the hard band for the WHDF observation, showing 
spatial differences in exposure over the detector. 
Figure 2.9 on page 34 shows the number of detected sources in equiareal annuli 
centred on the aimpoint of the 75 ks ACIS-1 observation of the WHDF . The source 
density is seen to decline at radii ;(; 7'. 
2.2.2 Flux Estimation 
Simulations have shown that simple aperture photometry is very accurate across 
the ACIS-1 detector. Event counts at the position of every detection were found using 
the CIAO get_counts script for the soft and hard bands and the apertures provided 
by cELLo E T E c T; background estimates were measured from a collection of source-
free background regions and subtracted from the total counts . To account for 
variations in effective exposure across the image in the forms of energy-dependent 
vignetting and detector efficiency gradients, we produced monochromatic soft (at 
1 keY) and hard (at 3 keY) exposure maps with the tools mkinstmap and mkexpmap 
(figure 2.1 0). These were used to weight the exposure time of each source. Dividing 
the net counts over the effective exposure time provided a count flux for every 
source. 
Energy fluxes were computed from count rates separately for the bright (SI N?': 3) 
and faint (Si N < 3) populations in our sample. Sources with a power-law spectrum 
with r = 1.2 and r = 0.54, taken from the mean photon index of the sources in each 
of the two samples, and the corresponding Galactic absorption for the field, were 
assumed respectively. That yielded, for the bright sample, unabsorbed flux conver-
sion factors of (4.63±0.1) X w- 12ergcm- 2 s- 1 in the 0.5-2 keY band for !counts- ! 
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in the 0.3-2 keV band and of (3.08±0.3) X w~llergcm~2 s~l in the 2-10 keV band 
for 1 counts- 1 in the 2-8 keV band, where the quoted uncertainties are for pho-
ton indices in the range 1.0::; r::; 1.5. For the faint sample conversion factors of 
4.60 X 10~ 12 and 4.03 X 10-llergcm-2 s~l were obtained. 
The choice of spectrum for converting count rates to energy fluxes is an impor-
tant issue for which a simple solution does not exist. As such, different authors 
have taken different approaches. Brandt et al. (200 1), for instance, converted using 
the r value determined from the ratio of the hard-to-soft band counts for every 
single source. Giacconi et al. (2001) and Campana et al. (2001) used r = 1.4, cor-
responding to the slope of the XRB, whereas Mushotzky et al. (2000) and Cowie 
et al. (2002) have used r = 1.2 based on the argument that on average the spectra 
of these sources must be slightly flatter than that of the XRB. None of these pro-
cedures is fully adequate given that the spectra for individual sources may be not 
as simple as a single power-law. We have chosen to convert count rates to energy 
fluxes using a single r = 1.2 that matches the average spectrum of our sample. 
This method shares a posteriori the philosophy that, on average, sources should be 
harder than the XRB but is optimised for our particular sample and should give the 
best average conversion and, therefore, the best estimate of the contribution of the 
sources in our sample to the XRB. The fact that our value has also been used by 
different authors on different assumptions reassures about its reasonability. 
2.2.3 catalogues of Chandra sources 
We have compiled catalogues of the sources detected with Chandra and their main 
x-ray properties. Although for completion the lists include sources detected with 
low significance, we have restricted our main analyses to those detections at s;N 2 3. 
MARx5 simulations of Chandra data containing only a background-like component 
have shown that in an ACIS-I field with our exposure we should expect about one 
false detection per observation at this threshold (e.g. ~ 10-6 for one 1024 X 1024 
chip). We have also restricted the acquisition of sources to angular separations 
< 1 O' from the aim point. Data collected far from the aim point will be out of fo-
cus; moreover, at larger off-axis angles, vignetting reduces the effective area by a 
factor> 0.2 (cf figures 2.3, 2.4 and 2.9). 
Altogether a total of 140 sources have been detected with s;N 2 3 in at least one 
of the three bands, 136 in the full (0.3-8 keV) band, 40 in the hard (2-8 keV) band 
(of which 9 were not detected in the soft band) and 99 in the soft (0.3~2 keV) band 
(69 of which were not detected in the hard band). The WHDF ( 10 x 10 ks) survey 
faint flux limits are 4 X 10- 16 (3 X 10-15) and 3 X 10- 15 ergcm-2 s~l (1 X w- 14) in the 
soft and hard band respectively. The brightest source has a flux of 1 x 10- 13 (soft) 
and 2 x 10~ 13 ergcm~2 s- 1 (hard). 
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Table 2.3: Chandra sources detected in the F864 field with s;N 2: 2. I~ :::r CD CD < 0 lr;:j 
~ Flux (xlo- 15 ergcm- 2 s- 1) ?0 i5' Chandra ID CXOF864 RA Dec SNR" HR N 
::J 
g X 
tO (J2000) (0.5-10 keV) (0.5-2 keV) (2-10 keVl ;b 
"" 
)> 
<;; 
-< 
X I~ a;· V> F864CH001 ]134334.3+000105 13h 43'" 34.252' +00°01'05.211 2.0 -0.56±0.28 9±4 3 ± 1.1 5±3 
"" ::J 0. F864CH002 1134332.0+000303 J3h 43'" 32.014.< +00° 031 03.1 11 7.4 -0.56±0.10 51 ±8 23±3 34±8 )> 
C) 
J3h 43"' 29.2275 z F864CH003 1134329.2+000133 +00°01'32.911 ..., 10.5 -0.61 ±0.06 108±12 51 ±4 63±11 
a F864CH004 ]134327.8+000009 !3h 43"' 27.843'' +00° 00' 08.511 2.9 -0.85±0.15 14±5 5.1±1.5 3±3 3 
0. F864CH005 J134322.0+000010 13h 43"' 22.01J' +00° 00'10.211 6.3 -0.65±0.11 38±7 19±3 20±6 CD 
CD 
"0 
X F864CH006 1134329.6-000141 J3h 43"' 29 .583'' -00° OJ' 41.1" 2.3 -0.45±0.27 11 ± 5 3.4±1.2 8±4 
iJ F864CH007 1134327.3-000139 !3h 43"' 27 .297-' -00° OJ' 38.711 5.6 -0.71 ±0.11 29±6 15±2 13±5 < 
"" ::J F864CH008 ]134325.7-000123 )3/J 43'" 25 .657S -ooo 01'23.2" 2.0 -0.78±0.21 9±4 3.3± 1.2 3±3 0. 
0 
"0 F864CH009 J134332. 7-000204 !3h 43'" 32.677.< -00° 02' 03.5 11 11.3 -0.77±0.05 106± 11 55±5 37±8 rt ()' 
e!. F864CH010 ]134413.0-002721 13h 44"' 13.022s -00° 27' 20.9" V> 2.0 -0.67±0.30 06±3 2.1±0.9 3±3 
c: 
13/J 44"' 09 .628·' < F864CH011 J134409 .6-002831 -00° 28'30.711 5.9 -0.70±0.10 34±6 17±3 15±5 CD 
< 
!3h 44"' 15.557'' -00° 29' 24.5" V> F864CH012 ]134415.6-002925 3.2 -0.65 ± 0.19 12±4 5.9±1.6 6±3 
F864CH013 1134414.1-002950 J3h 44"' 14.084·' -00° 29' 50.4" 8.3 -0.81 ±0.07 54± 7 29±3 15±5 
F864CH014 J 134412' 9-003006 13h44"' 12.887·' -00° 30' 05.9" 6.5 -0.50±0.12 37± 7 16±3 28±7 
F864CH015 1134409.1-003039 13h 44"' 09. 122s -00° 30' 38.5" 2.3 -0.33±0.31 09±4 2.5± 1.0 8±4 
F864CH016 ]134424.0-002847 J3h 44"' 23.987s -00° 28' 46.711 3.3 -0.73±0.18 11 ±3 5.5±1.5 4±3 
F864CH017 1134418.8-003043 13/J 44"' 18.812·' -00° 30' 42.5" 3.6 -0.71 ±0.15 15±4 8±2 6±3 
F864CH018 1134413.8-003122 13/J 44"' I 3.810''. -00° 3 1'21 .5" 2.0 -0.11 ±0.33 09±4 2.1±0.9 10±5 '"' 
'"' F864CH019 ]134356.3-002540 I 3/J 43"' 56.265"' -00° 25' 39. 9" 2.6 -0.69±0.20 13±4 4.7± 1.4 5±3 ,c:J 
')> 
F864CH020 3134420.1-003111 I 3h 44"' 20.087s -00°31'11.1 11 9.7 -0.70±0.07 81 ± 10 40±4 37±8 li! 
F864CH021 J 134355.5-003148 I 3h 43"' 55 .540' -00° 31'47.7" 2.3 -0.67±0.22 12±4 4.2± 1.4 5±3 
:>;) 
rt1 
c:J 
F864CH022 ]134351.1-003049 13h 43"' 5 I. I 45·' -00° 301 48.8" 2.0 -0.80±0.19 10±4 3.8± 1.3 3±3 c: I() 
~ (continues ... ) :::! ·o 2: 
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Table 2.3: Chandra sources detected in the F864 field with S;N ~ 2 (continued). ,n ::r ro II 
ro l{j 
< 
0 I~ c rt Flux ( x 10- 15 ergcm- 2 s- 1) 6" Chandra ID CXOF864 RA Dec SNRa HR 
"-' 
=o 
0 I IX ...,., (J2000) (0.5-10 keV) (0.5-2 keV) (2-10 keV) I ::b <0 
OJ ~ OJ 
X 0 10" 
"' F864CH023 ]134356.6-003231 13" 43"' 56.620-' -00° 32' 31.211 2.1 -0.50±0.25 12±4 3.8± 1.3 8±4 I~ OJ =o 
D. f864CH024 ]134353.8-003240 n" 43111 53.81 JS -ooo 32' 40.1 11 2.5 -0.16±0.23 20±6 4.7± 1.4 21 ±7 I ,. ! C) 
z f864CH025 1134347.1-003114 13" 43"' 47.09P -00°31'14.1 11 2.1 -0.20±0.25 15±5 3.8± 1.3 15±6 ...,., 
a f864CH026 ]134346.3-003225 13" 43"' 46.333' -00° 32'24.511 3.2 -0.50±0.18 17±4 7.6± 1.8 13±5 3 
D. f864CH027 ]134426.0-000056 13" 44"' 25.972' -00° 00' 56.211 4.2 -0.50±0.16 20±5 8.7± 1.9 15 ±5 ro ro 
"0 
13" 44"' 32.43SS -00°00'47.911 X F864CH028 ]134432.4-000048 2.7 +0.00±0.32 10±4 2.1 ±0.9 13±5 
&1 F864CH029 J134425.1 +000124 13" 44"' 25.067' +00° 01'23.511 2.4 -0.82±0.17 11 ±4 4.2± 1.3 3±3 < 
OJ 
=o F864CH030 ]134438.3-000051 13" 44111 38.339' -00° OO' 51.1" 4.5 -0.57±0.16 20±5 9.1±1.9 13±5 D. 
0 
"0 F864CH031 ]134433.3-000350 13" 44111 33.307s -00° 031 50.211 2.8 +0.23±0.27 13±5 2.1±0.9 21 ± 7 rt 
r; 
~ f864CH032 J134420.8-000459 13" 44"' 20.815-'" -00° 04' 59.311 3.1 -0.41 ±0.22 12±4 5± 1.4 11 ±4 
"' c 
13" 44"' 17.435-' < f864CH033 J134417 .4-000442 -00° 04' 41.811 2.7 -0.71 ±0.19 14±4 5± 1.5 5±3 ro 
< 
13" 44"' 20.277"' "' f864CH034 ]134420.3-000524 -ooo 05' 24.2" 4.1 -0.62±0.16 18±4 8.7± 1.9 11 ±4 
F864CH035 J134435 .4-000532 13" 44"' 35.413' -00" OS' 32.011 2.2 -0.17±0.29 12±4 2.9±1.1 13±5 
f864CH036 J134433 .6-00053 7 13" 44'" 33.574' -00° 05'37.411 5.5 -0.90±0.07 30±5 16.5 ± 2.6 4±3 
F864CH037 J134431. 7-000546 1311 44"' 31.655-'" -ooo 05' 46.2" 2.3 -0.38±0.26 13±5 3.7± 1.2 10±5 
F864CH038 )134429.2-000553 13" 44"' 29 .209' -00°05'53.1" 3.7 -0.74±0.14 16±4 8.3±1.9 6±3 
f864CH039 ]134408.1-000310 13" 44"' 8.064(}'" -00° 03' 09.811 2.2 -0.67±0.22 12±4 4.2± 1.3 5±3 
F864CH040 J134424.6-000618 13" 44"' 24.587"' -00° 06' 17.5" 7.3 -0.80±0.07 50±7 26.4±3 15±5 
'""' 
1\J 
F864CH041 J134405.4-000339 13" 44"' 05.43 ]-' -00° 03' 39.3" 2.0 -0.14±0.26 14±5 3.3±1.2 15±6 ,CJ 
,::t> 
:;;! 
•Most significant signal from the 3 bands as computed by CELLDETECT. '0 rn CJ 
c: 
n 
~ :::j 0 ,:;::: 
--; 
Table 2.4: Chandra sources detected in the GSGP4 field with S;N ~ 2. .n ::r •I CD I~ CD < 
--! 0 
•m ~ Chandra ID CXOGSGP4 RA Dec SNR" HR Flux ( x 10- 15 ergcm- 2 s- 1) I~ 6 
:::> 
~ (0.5-10 keV) (0.5-2 keV) (2-10 keV) X <0 (J2000) ;:0 
"' ,:!( Q) 
X 
iii '0 
V> GSGP4CH001 ]005716.8-272129 ooh 57"' 16.843"'" -27°21'28.611 5.3 -0.60±0.12 35.6±7.1 12.3±2.1 19±6 I~ 
"' ::J 0. GSGP4CH002 ]005719.8-272036 ooh 57"' 19.793"' -27° 20' 35.9" 2.1 -0.75±0.23 12.2±5.5 2.4±0.9 3±3 I ,. 
Cl 
2 GSGP4CH003 ]005717.9-271830 ooh 57"' 17.92JS -27° 18' 30.2" 7.3 -0.79±0.08 53.0± 8.2 20.5±2.6 14±5 ..., 
a GSGP4CH004 ]005714.9-271852 ooh 57"' 14.938"' -27" 181 52.2" 4.8 -0.70±0.13 26.1±5.9 9.6± 1.8 10±5 3 
0. GSGP4CH005 J005 701.0-2 72336 oo" 57"' o 1. 026"' -27° 23' 35. 7" 2.2 -0.09±0.30 16.8± 7.2 2.1 ±0.8 14±6 CD CD 
"0 ooh 56"' 59.4 n'· -27° 22' 51.4" X GSGP4CH006 ]005659.4-272251 3.0 -0.11±0.23 14.2±4.7 3.4± 1.1 17±6 
~ GSGP4CH007 J005 715.3-271735 ooh 57"' 15 .278"' -27" 17' 34.6" 2.9 -0.58±0.19 29.1±9.0 5.2± 1.4 12±6 < 
"' :::> GSGP4CH008 ]005710.7-271653 ooh 57"' 10.738·' -27" 16'53.1" 2.0 -0.39±0.19 35.2± 10.1 5.5±1.4 20±8 0. 
0 
"0 GSGP4CH013 ]005723.5-274556 oo" 57"' 23.476' -27° 45' 55.8" 3.2 -0.80±0.13 20.9±6.0 8.1 ±1.9 5±4 rt 
n· 
!!!. GSGP4CH014 ]005720.6-274454 oo" 57"' 20.587"' -27° 441 53.7" 2.6 -0.25±0.24 32.4± 11.3 4.6± 1.5 23±9 V> 
c 
< GSGP4CH015 ]005717.4-274237 CD oo" 5r' 17.418"' -27° 42' 36.9" 4.6 -0.47±0.15 35.5 ± 8.4 11.3±2.3 25±8 
< V> GSGP4CH025 ]005743.7-273300 ooh 57"' 43. 748' -27° 33' 00.2" 2.1 -0.33±0.27 23.5 ± 9.4 3.5±1.2 15± 7 
GSGP4CH026 ]005736.8-273305 oo" 57"' 36. 795·'· -27° 33' 05 .2" 5.6 0.13±0.16 40.7±9.2 7.7± 1.9 60±13 
GSGP4CH027 ]005742.9-273057 oo" 57"' 42.873"'. -27° 30' 56.6" 2.2 -0.23±0.27 25.5±10.0 3.5 ± 1.2 19±8 
GSGP4CH028 J005 741.9-273158 oo" 57"' 41.905"' -27° 31' 58.0" 2.1 0.26±0.22 37.3± 12.0 3.1±1.2 44± 13 
GSGP4CH029 J005 740.0-273129 oo" 57"' 4o.ooo·' -27° 31' 28.6" 2.5 0.11 ±0.23 35.3± 11.8 3.5±1.2 37±12 
GSGP4CH030 ]005741.0-273111 oo" 57"' 40.971"'" -27° 31' 11.0" 2.1 0.65±0.19 33.3± 10.8 1.3 ±0.8 52±14 
GSGP4CH031 J005 733.4-273131 oo" 57111 33.435-' -27° 31' 30.6" 2.1 -0.60±0.21 29.4± 10.2 5.3 ± 1.6 11 ±6 1\..l 1\..l 
GSGP4CH032 J005 732.5-273145 oo" 57"' 32.51 Y -27° 31' 44.8" 2.1 0.33 ± 0.22 35.3 ± 11.6 2. 7 ± 1.1 44± 13 
·CJ 
oo" 57"' 31.336' 
)> 
GSGP4CH033 J005 731.3-273310 -27° 33' 09.8" 2.2 0.06±0.24 33.3±11.4 3.5 ± 1.2 33± 11 ~ 
GSGP4CH034 J005 7 30.9-2 7 3203 oo" 57"' 30.901"'" -27° 32' 03.2" 7.0 -0.61 ±0.11 56.7±10.1 19.7±2.9 29±9 ::>o ·rn ICJ 
GSGP4CH035 ]005736.9-273024 oo" 57'" 36.872"' -27° 30' 24.0" 2.6 0.41±0.15 72.6± 16.5 4.9±1.5 96± 19 c: () 
~ (continues ... ) ::::! 0 :2 
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Table 2.4: Chandra sources detected in the GSGI'4 field with s;N 2 2 (continued). I~ ::J' (!) (!) 
< "'0 0 -I 
E m 
rt Flux ( x 10- 15 ergcm-2 s- 1) 
. ;o 
6 Chandra ID CXOGSGP4 RA Dec SNRa HR 
'"" ::::> I 
0 
'X ..., (J2000) (0.5-10 keV) (0.5-2 keV) (2-10 keV) !0 ;;\) 
Q) )> 
OJ 
-< X 
iii' 0 
"' GSGP4CH036 ]005729.3-273043 oo" 57'" 29 .291" -27° 30' 43.4" 5.0 -0.42±0.13 52.7± 10.1 16.2±2.7 40±10 ~ Q) 
::::> )> 
0. GSGP4CH037 ]005728.8-273136 ooh 57'" 28. 783" -27° 31'35.911 2.3 0.09 ± 0.17 64.7± 15.9 6.7± 1.7 67± 16 ,. 
C1 
z GSGP4CH038 3005726.6-273158 oo" 57"' 26.637·' -27° 31'58.1 11 2.3 0.27 ± 0.17 64.7±15.7 5.3± 1.6 78± 17 ..., 
a GSGP4CH039 ]005725.1-273202 ooh 57"' 25.077" -27" 32' 02.0" 2.3 0.07±0.18 58.8±15.1 6.2± 1.6 59± 15 3 
0. GSGP4CH040 3005724.5-273201 ooh 57m 24.524" -27° 321 01.311 9.3 -0.69±0.07 112.4± 14.0 41.2±4.2 45± 11 (!) (!) 
'0 
oo" 57"' 32.815" -27° 30' 06.511 X GSGP4CH041 J005732.8-273007 7.8 -0.41 ±0.09 103.3±14.2 31.5±3.7 80±15 
c'J GSGP4CH043 ]005745.1-272923 oo" 57"' 45.122·' -27° 29'23.0" 2.4 -0.53±0.15 58.8± 14.5 10.2±2.1 26± 10 < 
Q) 
::::> GSGP4CH045 3005726.4-273041 oo" 57'" 26.441" -27° 30' 40.611 2.3 0.22±0.14 96.1±19.2 8.4±2.0 111 ±20 0. 
0 
~ GSGP4CH046 ]005725.7-273113 oo" 57'" 25.71 JS -27° 31' 12.511 2.0 0.44±0.12 105.9± 19.8 6.7±1.7 144±23 
n 
~ GSGP4CH047 J005725.1-273140 oo" 57"' 25.092" -27° 31'39.9" 2.0 0.20±0.16 78.4±17.5 7.1±1.8 89± 18 V> 
c 
oo" 57"' 22.332" < GSGP4CH048 JOOS 722.3-2 7 3151 -27° 31 1 51.411 2.4 0.42±0.12 107.9±20.0 7.1±1.8 144±23 (!) 
< 
"' GSGP4CH049 JOOS 726.8-27 3015 ooh 57"' 26.835" -27" 30' 15.4" 2.4 0.30±0.11 162.8±24.9 12.9±2.4 200±27 
GSGP4CH050 JOOS 725.2-2 7 3030 ooh 57"' 25.201" -27° 30'29.8" 2.1 0.42±0.11 143.2±23.1 9.3±2.0 192±27 
GSGP4CH051 ]005723.1-273042 oo" 57"' 23.110''. -27° 301 42.011 2.2 0.36±0.11 153.0±24.1 11.1±2.2 196±27 
GSGP4CH052 JOOS 722.0-273126 oo" 57'" 22.ooos -27° 31'26.011 4.2 0.23±0.11 79.0± 12.6 13.1±2.4 127± 18 
GSGP4CH053 ]005734.9-272829 oo" 57'" 34.914·' -27" 28'28.5" 3.1 -0.11 ±0.12 65.8± 11.5 15.8±2.6 77± 14 
GSGP4CH054 ]005725.8-272943 oo" 57'" 25.778" -27" 29' 42.511 2.4 0.32±0.09 223.6±29.2 17.3±2.8 278±32 
GSGP4CH055 J005722.5-272955 OcY' 57'" 22.474" -27° 29' 55.1" 2.4 0.41 ±0.09 186.3±26.5 12.4±2.4 248± 30 ~ 1"-' 
GSGP4CH056 JOOS 718.3-2731 OS oo" 57'" 18.255"' -27° 31' 05.4" 2.4 0.23 ±0.09 223.6±29.4 19.5±2.9 259±31 iCJ 
oo" 57'" 17 .094" 
):,. 
GSGP4CH058 ]005717.1-273330 -27° 33' 29.8" 3.0 0.13±0.11 77.0± 12.5 14.5±2.5 114±17 ');! 
GSGP4CH059 JOOS 716.5-27 3233 oo" 57'" 16.521" -27° 32' 32. 7" 4.4 -0.04 ± 0.09 115.5 ± 15.3 25.8±3.4 146±20 .;>a ~.,., 
ICJ 
GSGP4CH068 J005755.4-272402 oo" 57'" 55 .392·' -2r24'02.2" 2.6 -0.67±0.22 24.3±9.3 4.6± 1.5 8±5 c: 
·("') 
~ (continues ... ) !:::! 0 I 2: 
--< Table 2.4: Chandra sources detected in the GSGP4 field with s;N 2': 2 (continued). '(} ::J" i::r: CD )> 
CD 
. -o 
< 
• -I 0 m c ,/0 rt Flux (x 10- 15 ergcm-2 s- 1) 6 Chandra ID CXOGSGP4 RA Dec SNR" HR '1'0 
::J 
0 X ..., (J2000) (0.5-10 keV) (0.5-2 keV) (2-10 keV) ;b tO 
OJ I~ o:r X 
iii" ,o 
"' GSGP4CH069 J005749.3-272324 0011 57"' 49.3365 -27° 23' 23 .8" 3.1 -0.67±0.30 6.3 ± 3.3 2.3± 1.0 3±3 I~ OJ ::J 
c. GSGP4CH070 J005749.1-272237 oo11 57"' 49.066' -zr 22'36.6" 2.6 -0.43±0.24 28.3± 10.5 4.6± 1.5 15±8 )> 
0 
oo11 58"' o 1.406' z GSGP4CH071 ]005801.4-272231 -2r 22'31.3" ..., 2.5 -0.83±0.16 24.3±8.7 5.0±1.5 4±4 
a GSGP4CH012 ]005760.0-272127 oo11 57"' 59.970' -2r2I'26.9" 13.0 -0.95±0.02 210.1±16.9 88.6±6.3 14±6 3 
c. GSGP4CH013 ]005758.5-272309 ooh 57"' 58.46SS -27° 23' 08.6" 2.2 -0.11±0.33 18.2±8.5 2.3± 1.0 15±8 CD 
CD 
D 
X GSGP4CH074 )005745.7-272430 ooh 57"' 45.661"' -27° 24'29.711 3.0 -0.43±0.24 14.6±5.4 4.5 ± 1.4 11 ±5 
~ GSGP4CH075 ]005803.5-272136 ooh 58'" 03.457' -27° 21'35.911 7.5 -0.68±0.09 72.1±11.4 26.2±3.4 30±9 < 
OJ 
::J GSGP4CH016 )005755.4-271957 ooh 57'" 55.442' -2r 19'56.8" 2.7 -0.65±0.19 34.4± 11.1 6.4± 1.7 11 ±6 c. 
0 
D GSGP4CH071 3005745.9-272009 oo11 57"' 45.869" -2r 2o' o8.8" 4.3 -0.47±0.16 31.4± 7.8 9.9±2.1 22±8 rt ()" 
~ GSGP4CH018 J005 7 34.0-2 72311 oo11 57"' 33.973-' -27° 23' 11.411 
"' 
4.5 -0.35±0.16 35.5±8.5 10.4±2.2 30±9 
c 
ooh 58"' o3.57Y < GSGP4CH019 J005803.6-275300 -27° 53' 00.1" 2.3 -0.80±0.19 19.2± 7.7 3.9±1.3 4±4 CD 
< 
oo" 58'" 01.707-' -27° 53' 16.5" "' GSGP4CHOBO J005801. 7-275317 8.2 -0.59±0.09 87.1±12.5 30.0±3.6 47± 11 
G5GP4CHOB1 ]005749.9-275241 oo" 57"' 49.949"' -27° 52' 41.1 11 3.3 -0.68±0.17 18.8±5.6 6.9± 1.7 8±4 
GSGP4CH082 J005747.5-275412 oo11 57'" 47.478·'· -27°54'11.8" 7.3 -0.48±0.11 61.4± 10.7 19.7±2.9 41 ± 10 
GSGP4CH083 J005805 .8-2 75004 ooh 58"' os.789"' -zr 50' 04.4" 7.6 -0.69±0.09 70.3± 11.0 25.7±3.3 29±9 
GSGP4CH084 J005814. 7-275002 oo11 58"' 14.689·' -27° SO' 02.211 2.1 -0.64±0.23 21.1±8.4 3.9±1.3 7±5 
GSGP4CH085 J005 742.3-2 75031 O(Jh 57"' 42.315·' -27° 50'31.411 4.2 -0.66±0.14 28.7± 7.0 10.3±2.1 13±6 
GSGP4CH086 )005807.3-274740 ooh 58"' o7.30Y -27° 47' 40.011 2.2 -0.05 ±0.23 36.4± 11.9 4.3±1.4 33±11 1\..) 
"-' 
GSGP4CH081 )005759.9-274733 oo" 57"' 59.910' -27° 47' 32.6" 7.4 -0.76±0.08 74.3 ± 11.0 28.3 ± 3.5 23±8 ICJ 
oo11 57"' 49.566·' 
~ 
GSGP4CHOBB )005749.6-274816 -27°48'15.711 2.5 0.50±0.18 46.0± 12.8 2.6± 1.0 65± 15 :i! 
GSGP4CH089 J005808.9-2 74617 oo11 58"' 08.932·'· -27°461 16.5" 2.6 -0.80±0.13 38.3 ± 10.9 7.8±1.8 7±5 
;u 
rn 
CJ 
GSGP4CH090 J005 828.5-2 7 3033 oo11 58"' 28.476·' -27° 30' 33.4" 4.3 -0.56±0.16 21.2±5.5 7.1 ± 1.6 12±5 c: {"") 
~ (continues ... ) ::j 0 2: 
-! 
"!able 2.4: Chandra sources detected in the (.;S(.;I'4 field with s;N 2:2 (continued). ;n ::::r I ro )> 
ro 
"D < 
-{ 0 m c ?0 rt Chandra ID CXOGSGP4 RA Dec SNRa HR Flux ( x 10- 15 ergcm-2 s- 1) 6 
"' ::::> 
0 X ...., (12000) (0.5-10 keV) (0.5-2 keV) (2-10 keV) 
·*' <0 
"" :';( 
"' X 0 iii 
V> GSGP4CH091 )005826.2-272925 ooh 58"' 26.155"' -27° 291 25 .411 2.6 -0.08±0.28 198±7.8 2.4±0.9 17 ± 7 I~ 
"" ::::> I)> 0. GSGP4CH092 )005825.4-273234 ooh 58"' 25 .368-' -27° 321 34.011 2.1 -0.50±0.31 12.2±5.9 2.1±0.8 6±4 
» 
C) 
z GSGP4CH093 )005819.9-2 72856 ooh 58"' 19.9:W' -27° 281 55.611 ...., 4.7 -0.86±0.09 22.8±5.2 9.2±1.8 4±3 
a GSGP4CH094 1005818.8-272936 ooh 58"' 18.808·' -27° 291 35.911 3.0 -0.29±0.26 11.0±4.1 3.1 ± 1.0 10±5 3 
0. GSGP4CH095 1005818.2-2 72848 ooh 58"' 18.160-' -27° 281 47.811 4.0 -0.53±0.21 13.4 ± 4.4 4.4± 1.2 8±4 ro ro 
"0 
X GSGP4CH096 )005834.9-272713 oo" 58"' 34.915·' -27" 271 13.411 4.8 -0.4.3±0.17 22.0±5.7 6.8 ± 1.5 16±6 
iJ GSGP4CH097 )005815.3-272809 ooh 58"' 15.256' -27° 281 08.611 2.8 -0.69±0.20 19.8±7.1 .3.8± 1.1 6±4 < 
"" :::> GSGP4CH098 J0058.39.0-272712 oo" 58"' 38.966-' -27° 271 11.511 2.8 -0.08±0.28 19.8± 7.8 2.4±0.9 17± 7 0. 
0 
ooh 58"' 12.o21" ~ GSGP4CH099 J005812.0-2 72804 -27" 281 04.411 2.2 -0.60±0.25 15.2±6.4 2.8± 1.0 6±4 
c;· 
!0!. GSGP4CHIOO )005825.2-272529 ooh 58"' 25.222·' -27"25'28.711 2.4 -0.64±0.23 16.7±6.7 3.1 ± 1.0 6±4 V> 
c 
ooh 58"' 11.431" :2 GSGP4CH101 ]005811.4-2726.36 -27° 261 35.5" 6.5 -0.86±0.07 44.8±7 . .3 18.0±2.5 8±4 
ro 
'j\ GSGP4CH102 )005807.1-272851 oo" 58"' o7 .058" -27" 281 51.1 11 3.0 -0.29±0.23 13.4±4.6 3.7± 1.1 12±5 
GSGP4CH103 J005 826.4-2 7243 7 oo" 58"' 26.43<l' -27" 24' 37.011 3.2 0.37±0.21 14.9±4.8 2.0±0.8 27± 7 
GSGP4CH104 )005814.0-272550 oo" 58"' 1 4.ooo" -27" 251 49.511 6.3 -0.48±0.12 42.4± 7.9 13.6±2.1 29±8 
GSGP4CH105 1005807.3-272713 oo" 58"' o7 .270' -27" 271 13.411 2.2 -0.09±0.30 16.7±7.1 2.1 ±0.8 14±6 
GSGP4CH106 J005 812.8-2 72510 ooh 58"' 12.767-' -27" 251 09.811 2.5 -0.60±0.21 22.8 ± 7.9 4.1±1.2 9±5 
GSGP4CH107 ]005804.7-272624 oo" 58"' 04. 7Hl' -27" 26'24. I" 2.4 -0.57±0.22 21.3±7.6 3.8±1.1 9±5 
GSGP4CH108 )005800.8-272741 oo" 58"' oo.sn' -27" 271 40.711 5.0 -0.71 ± 0.11 32.2± 6.6 11.9±2.0 12±5 "" 
"" 
GSGP4CH109 J005818. 7-272356 ooh 58"' 18.679" -2T 23' 56.3" 3 ~ -0.52±0.17 19.6±5.3 6.5 ± 1.5 12±5 .::> ~ 
GSGP4CH110 )005817.4-27233 7 oo" 58"' 1 7 .377" -27° 23' 37.211 2.3 -0.57±0.22 21.3± 7.6 3.8±1.1 9±5 -~ 
GSGP4CH111 )005758.4-272736 oo" 57"' 58.4<W -2T 27' 36.1 11 2.1 -0.13±0.21 35.0± 10.3 4.5 ± 1.2 29±9 ;:>IJ ,., 
0 
GSGP4CH112 )005836.2-275017 oo" 58"' 36. 168" -27° 50' 16.8" 5.5 -0.57±0.14 28.5 ±6.3 9.7±1.8 16±6 c:: n 
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Table 2.4: Chandra sources detected in the GSGP4 field with S;N 2: 2 (continued). 
Chandra ID CXOGSGP4 RA Dec SNRa HR Flux (xlo- 15 ergcm-2 s- 1) 
(J2000) (0.5-10 keV) (0.5-2 keV) (2-10 keV) 
GSGP4CH113 ]005835.4-274841 ooh 58"' 35 .380' -27° 48' 40.9" 6.4 -0.76±0.09 37.8±6.9 14.3±2.2 12±5 
GSGP4CH114 ]005844.3-274856 ooh 58"' 44.325' -27° 48' 55.6" 2.7 -0.23±0.27 19.4± 7.6 2.7±0.9 14±6 
GSGP4CH115 ]005839.0-274716 ooh 58"' 39.03 I"' -27°47' 15.6" 2.1 -0.56±0.28 13.4 ± 6.1 2.4±0.9 6±4 
GSGP4CH116 ]005838.6-274717 ooh 58"' 38.577·'· -27° 47' 16.8" 2.6 -0.20±0.44 7.5 ± 4.6 1.0±0.6 6±4 
GSGP4CH117 ]005851.8-274757 001' 58"' 51.849' -27° 47' 57.3" 3.2 0.25±0.24 12.3±4.3 2.0±0.8 20±6 
GSGP4CH118 ]005828.0-275157 OcY' 58"' 27.989s -27° 51'57.1" 7.6 -0.77±0.08 54.0± 8.3 20.7±2.6 16±6 
GSGP4CH119 ]005828.0-27 5126 ooh 58"' 27.989' -27° 51'25.6" 4.6 -1.00±0.00 23.9±4.3 10.3± 1.9 0±0 
GSGP4CH120 ]005820.7-274757 ooh 58"' 20.652' -27° 47' 57.2" 2.7 -0.69±0.20 19.4± 7.0 3.7±1.1 6±4 
GSGP4CH121 )005822.1-274541 ooh 58"' 22.145' -2r 45' 40.9" 3.3 -0.36±0.20 17.0±5.0 5.0± 1.3 14±5 
GSGP4CH123 )005814.1-274841 ooh 58111 14.139·' -2r 48' 40.5" 2.1 -0.08±0.28 19.4± 7.6 2.4±0.9 17±7 
GSGP4CH125 ]005833.8-274360 oo11 58"' 33.774" -2r 43' 59.8" 2.1 -1.00±0.00 14.9±4.8 3.4±1.1 0±0 
a Most significant signal from the 3 bands as computed by CELLDETECT. 
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Table 2.5: Chandra sources detcctt'd in thl' WIIDF field with s;N 2:3. 
Chandra ID CXOWHDF RAa Dec a fi' 
(J2000) 
WHDFCHOOl 
WHDFCH004 
WHDFCH005 
WHDFCH007 
WHDFCHOOB 
WHDFCHOlO 
WHDFCH012 
]002235.2+002035 
1002238.0+002139 
1002236.0+001850 
1002224.8+002011 
]002222. 9+002013 
]002229.1 +002325 
J002249. 7 +002042 
oo" 22"' 35.175'. ooo 2o' 34.6" o.5' 
oo" 22"' 38.029" ooo 21'38.6" 1.3' 
00"22"'35.963" ooo 18'50.011 2.1' 
00"22"'24.821" 00°20'10.911 2.2' 
oo" 22"' 22.884·' ooo 2o' 13.2" 2.6' 
0011 22"'29.053-' 00°231 25.1 11 2.71 
oo" 22"' 49.660' ooo 2o' 41.8" 4.0' 
WHDFCH014 1002249.4+002016 00 11 22"' 49.414" OOo 20' 15.911 
WHDFCH015 J002248.0+002101 00"22"'48.004'' 00°21'01.011 
WI-IDFCH016 1002245.2+001823 0011 22"'45.164'' 00° 18'22.611 
WHDFCH017 1002244.5+001826 OO" 22'" 44.468'' 00° 181 25.611 
WI-IDFCH019 1002244.3+001749 00"22"'44.281" 00°17'48.5 11 
4.01 
3.61 
3.9' 
3.7' 
4.1 1 
WHDFCH020 J002236.1 +002434 OO" 22"' 36.142·' 00° 24' 33.811 3. 7' 
WI-IDFCH021 J002231.1 +002441 OO" 22"' 31.059·' 00° 241 41.211 3.8' 
WHDFCH023 1002224.1+001753 0011 22"'24.109·' 00° 17'52.7" 3.8' 
WHDFCH024 1002218.9+001833 00"22"'18.945" 00°18'33.1" 4.2' 
WHDFCH028 ]002234.2+001609 0011 22"' 34.187" 00° 16'08.6" 4.7' 
WHDFCHOJO 1002224.7+001640 00"22'"24.699' 00° 16'39.611 
WI-IDFCH034 1002237.6+001555 0011 22"'37.648' 00° 15'55.4" 
WHDFCI-I036 J002231. 7 +002539 Oo'' 22"' 31.734·' 00° 25' 38.8" 
WHDFCH038 1002223.4+001602 00"22"'23.442·' 00° 16'02.4" 
WHDFCH042 1002213.2+001953 0011 22'" 13.249" 00° 19'53.4" 
4.71 
5.1 1 
4.71 
5.4' 
5.1' 
Counts SNR.- HR Flux ( x 10- 15 ergcm- 2 s- 1) 
(2-8 keV) (0.5-10 keV) (0.5-2 keV) (2-10 keV) 
9.4 
3.8 
78.7 
26.6 
6.8 
2.5 
5.2 
10.1 
15.1 
22.4 
458.0 
9.1 
15.3 
8.1 
8.4 
5.5 
10.1 
11.3 
1.7 
90.2 
7.8 
4.3 
3.0 
1.9 
8.8 
4.9 
2.6 
1.4 
2.1 
-0.18±0.19 
-0.49 ± 0.22 
-0.60± 0.04 
0.81 ±0.10 
-0.19±0.23 
-0.68±0.18 
-0.53±0.17 
14.0±4.0 2.4±0.6 11±3 
2.6±0.9 0.8±0.2 2± 1 
56.0±4.0 21.1 ± 1.0 35±4 
11.6±2.0 0.2±0.1 12±2 
3.6± 1.1 0.7±0.2 3± 1 
2.1±0.7 0.9±0.2 1±1 
3.8±1.1 1.3±0.3 3±1 
3.1 -0.54±0.12 7.1±1.5 2.4±0.4 
2.1 ±0.4 
3.9±0.5 
5±1 
7±2 
10±2 
3.8 -0.33±0.13 9.2± 1.8 
4.7 -0.43±0.10 14.3±2.2 
21.3 -0.54±0.01 322.0± 10.0 
2.9 -0.21 ±0.20 5.2± 1.4 
3.8 
2.7 
2.8 
2.2 
2.9 
3.1 
0.7 
9.3 
2.5 
1.6 
-0.55 ± 0.10 
-0.36±0.18 
-0.28±0.19 
-0.31 ±0.23 
-0.32±0.17 
-0.27±0.17 
-0.72±0.19 
-0.48±0.04 
-0.66±0.10 
-0.58±0.17 
10.8± 1.8 
5.0± 1.3 
4.8± 1.3 
5.4±1.8 
6.1±1.5 
6.7± 1.5 
2.1±0.9 
63.0±5.0 
6.3± 1.3 
3.5±1.1 
109.0±2.8 
1.0±0.3 
3. 7 ± 0.5 
1.2±0.3 
1.0±0.3 
1.2±0.4 
1.4±0.3 
1.4±0.3 
0.9±0.3 
18.8± 1.0 
2.7±0.4 
1.3±0.3 
212± 10 
4±1 
7±2 
4±1 
4±1 
4±2 
5±1 
5±2 
1±1 
44±5 
4±1 
2±1 
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Table 2.5: Chandra sources detected in the Wlll1f field with S;N 2:3 (continued). 
Chandra ID 
WHDFCH043 
WHDFCH044 
WHDFCH045 
WHDFCH048 
WHDFCH049 
WHDFCH052 
WHDFCH055 
WHDFCH058 
WHDFCH060 
WHDFCH061 
WHDFCH066 
WHDFCH067 
WHDFCH069 
CXOWHDF 
J002255.2 +001907 
J002255.1 +002056 
J002251.5 +001725 
J002241.3+002533 
J002240.3+002549 
J002233.3+001505 
J002211. 9 +001950 
J002255.1 +001907 
J002228.5 +001502 
J002225 .4 +001456 
J002212.0+001817 
)002211.8+001836 
J00221 0. 7 +002238 
RAa Dec" E'l' 
(J2000) 
oo" 22111 ss .172" ooo 19' 06. 7" 5 .7' 
Ooh22'"55.092" 00°20'55.711 5.4' 
oo" 22111 51.450·' ooo 17' 24.5" 5. 7' 
oo" 22111 41.297'' ooo 25' 33.3" 5.o' 
oo" 22111 40.278-' ooo 25' 48.6" 5.1' 
oo" 22111 33.339·' ooo 15' 04.8" 5 .8' 
oo" 22111 11. 862·' ooo 19' so A" 5. 4' 
oo" 22m 55.139" 00° 19' 07.411 5. 71 
ooh22"'28.45Y ooo 15'01.9" 6.o' 
oo" 22111 25.402' ooo 14' 55.5" 6.3' 
oo" 22111 11.953'. ooo 18' 17.1" 5.9' 
oo" 22111 1 J.80F ooo 18' 36.1" 5.8' 
oo" 22111 10.728-' ooo 22' 37.5" 5.8' 
WHDFCH071 3002253.3+001660 DO" 22111 53.293' 00° 16' 59.6" 
WHDFCH076 J002232. 7 +002702 oo" 22111 32.679' 00° 27' 02.2" 
WHDFCHOBO J002208.8+002159 OO" 22"' 08.772' ooo 21' 59.3" 
WHDFCH083 J002258.9+001755 00"22111 58.865' 00°171 54.811 
WHDFCHOSS J002251.6+002526 OO" 22111 51.555' 00° 25' 25.911 
WHDFCH090 J002248.8+001519 00"22111 48.795-' 00° 15' 18.7" 
WHDFCH091 J002240.2+001357 00"22"'40.232s 00° 13'57.2" 
6.3' 
6.1' 
6.2' 
7.0' 
6.4' 
6.8' 
7.1' 
6.2' 
6.3' 
WHDFCH094 J002235.7+002706 OO" 22"' 35.654·' 00° 27' 06.411 
WHDFCH099 3002211.2+002404 OO" 22"' 11.187' ooo 24' 04.1 11 
Counts SNRc HR 
(2-8 keV; 
0.0 
48.0 
12.5 
29.1 
19.1 
17.2 
36.0 
43.0 
32.0 
25.7 
12.8 
5.9 
14.1 
116.0 
19.8 
4.0 
55.3 
27.4 
73.2 
24.9 
21.3 
16.9 
0.0 
6.8 
3.1 
5.2 
4.0 
3.8 
5.8 
6.3 
5.4 
4.7 
3.0 
1.8 
2.9 
-0.20±0.09 
0.60±0.10 
-0.04±0.19 
-0.43±0.08 
0.49±0.17 
-0.50±0.10 
-0.22±0.10 
-0.20±0.09 
-0.32±0.09 
-0.10±0.13 
-0.46±0.12 
-0.39±0.20 
0.64±0.18 
10.6 0.69 ± 0.06 
4.1 -0.31 ±0.12 
0.9 -0.60±0.17 
7.0 0.05 ± 0.09 
4.5 
8.2 
4.2 
3.9 
3.6 
0.40±0.14 
-0.40±0.05 
-0.06±0.13 
0.54±0.18 
0.10±0.17 
Flux ( x 10- 15 ergcm- 2 s- 1 J 
(0.5-10 keV) (0.5-2 keV) (2-10 keV) 
0.0±0.0 
27.0±4.0 
6.9±1.6 
21.5±3.0 
10.0±2.0 
12.0±2.0 
22.0±3.0 
25.0±3.0 
19.0±3.0 
15.0±2.5 
8.5±1.7 
3.7± 1.1 
6.8±1.7 
61.0±6.0 
12.3±2.2 
3.4±1.1 
31.0±4.0 
14.1 ±2.5 
48.0±4.0 
14.1±2.4 
10.7±2.2 
8.8±1.9 
0.0±0.0 
1.0±0.3 
1.0±0.3 
5.9±0.7 
0.5±0.2 
3.8±0.5 
4.2±0.5 
4.6±0.6 
4.4±0.6 
2.3±0.4 
2.5±0.4 
1.0± 0.2 
0.2±0.1 
1.6±0.3 
2.7±0.4 
1.3±0.3 
3.6 ± 0.5 
0.8±0.2 
12.6±0.9 
2.1 ±0.4 
0.5±0.2 
1.0±0.2 
0±0 
26±4 
6±2 
16±3 
10±2 
8±2 
18±3 
20±3 
15±3 
12±2 
6±2 
3±1 
7±2 
59±5 
10±2 
2±1 
27±4 
13±3 
36±4 
12±2 
10±2 
8±2 
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Table 2.5: Chandra sources detected in the WttDF field with S;N ~ 3 (continued). 
Chandra ID 
WHDFCH104 
WHDFCH105 
WHDFCH109 
WHDFCH110 
CXOWHDF 
)002239.4+002734 
J002230.6 +002 735 
J002209. 9 +001629 
)002207.4+002308 
RA" Dec" 
(J2000) 
ooh 22"' 39.J7J' ooo 27' 33.9" 
ooh 22"' 30.572' ooo 27' 35.4" 
ooh22"'09.9n'· ooo 16'28.9" 
ooh 22"' 07.43Y ooo 23' o7.7" 
WHDFCH113 )002301.2+001918 00h23"'01.247' ooo 191 18.0" 
WHDFCH116 )002237.5+002747 00h22"'37.520'. 00°27'46.9" 
WHDFCH120 J002234.5 +001312 ooh 22'" 34.489·' 00° 13' I 1.7" 
WHDFCH127 )002256.2+001526 0011 22"' 56.207' ooo 15'26.0" 
WHDFCH131 J002229.8+001241 00h22"'29.847' ooo 12'41.2" 
WHDFCH136 J002303.6+002242 0011 23"' 03.603' 00° 22' 42.3" 
WHDFCH138 J002259.1+002528 00h22"'59.139-' 00°25'27.8" 
WHDFCH139 J002240.2+002833 ooh 22"' 40.242·' ooo 28' 32.5" 
WHDFCH141 )002250.4+001317 Ooh22"'50.369·' 00°13'17.0" 
WHDFCH143 )002241.9+002830 ooh 22"' 41.929" OOa 28'29.9" 
WHDFCH145 J002229.5+001200 00h22"'29.5I5·' 00" 12'00.2" 
WHDFCH146 J002227.4+001209 00h22"'27.424·' 00° 12'08.8" 
WHDFCH151 J002200.9+001818 00h22'"00.946' ooo 18'17.5" 
WHDFCH153 J002224.1+001156 00h22'"24.072'' 00"11'56.4" 
WHDFCH154 J002201.2+001721 ooh 22"'01. 173" OOo 17'21.3" 
WHDFCH159 J002245.4+002922 00h22"'45.370S 00"29'21.8" 
WHDFCH160 J002236.5 +00293 7 0011 22"' 36.486·' ooa 29' 36.8" 
WHDFCH161 J00215 7. 7 +001857 0011 21'" 57.654' 00° 18' 56.6" 
eh 
6.8' 
6.7' 
7.3' 
6.8' 
7.1 1 
6.91 
7.7' 
7.9 1 
8.21 
7.7 1 
7.8 1 
7.8' 
8.7' 
7.8' 
8.9' 
8.8' 
8.5 1 
9.21 
8.7' 
8.91 
8.7' 
9.1' 
Counts SNRc 
(2-8 keV) 
0.3 
22.5 
82.2 
29.9 
8.5 
6.3 
5.9 
13.6 
7.2 
15.6 
84.3 
9.3 
24.1 
7.5 
18.1 
16.8 
10.6 
0.0 
15.5 
54.6 
8.5 
27.7 
0.1 
3.6 
8.7 
5.1 
1.8 
1.2 
1.2 
2.1 
1.0 
2.8 
8.7 
1.2 
3.1 
0.8 
2.1 
1.7 
1.3 
0.0 
1.7 
5.9 
1.0 
3.8 
HR 
-0.64±0.55 
0.15±0.15 
-0.55 ±0.04 
-0.42±0.08 
-0.43±0.16 
-0.27±0.23 
-0.73±0.09 
0.01 ±0.19 
-0.58 ± 0.13 
-0.19±0.16 
-0.33 ±0.05 
-0.62±0.10 
-0.28 ± 0.11 
-0.44±0.17 
-0.49±0.10 
-0.08±0.16 
-0.34±0.16 
-1.00±0.00 
-0.06±0.17 
-0.51 ±0.05 
-0.46±0.15 
-0.28±0.10 
Flux ( x 10- 15 ergcm-2 s- 1) 
(0.5-10 keV) (0.5-2 keV) (2-10 keV) 
0.3±0.3 
12.1±2.3 
67.0±5.0 
22.0±3.0 
6.0± 1.5 
4.5 ± 1.4 
6.0± 1.3 
8.3±1.9 
5.6± 1.3 
12.0±2.5 
78.0± 7.0 
7 . .5±1.5 
1.5 . .5±2.5 
.5.1±1.3 
13.9±2.3 
10.0±2.0 
6.8± 1.6 
2.4±0.4 
9.2±2.0 
41.0±4.0 
7.5±1.8 
23.0±4.0 
0.1±0.1 
1.2±0.3 
22.9±1.4 
6.0±0.7 
1.7±0.4 
0.9±0.3 
3.0±0 . .5 
1.1 ±0.3 
2.0±0.4 
2.2±0 . .5 
18.2± 1.4 
3.0±0 . .5 
3.3±0 . .5 
1.4±0.3 
4.3±0.6 
1 . .5±0.3 
1.6±0.3 
2.4±0.4 
1.4±0.3 
13.0±1.0 
2.2±0.4 
5.0±0.6 
0±0 
11 ±2 
44±5 
16±3 
4±1 
4±1 
3±1 
7±2 
4±1 
10±2 
60±6 
.5±1 
12±2 
4±1 
10±2 
9±2 
5±2 
0±0 
8±2 
28±4 
.5±2 
19±4 
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Table 2.5: Chandra sources detected in the WIIIJF field with S;N;::: 3 (continued). 
Chandra ID CXOWHDF RA" Dec·' eb Counts SNRr HR Flux (x I0- 15 ergcm-2 s- 1) 
(J2000) (2-8 keV) (0.5-10 keV) (0.5-2 keV) (2-10 keV) 
WHDFCH162 J002222.6+001050 oo" 22"' 22.645·' ooo 10' 49.6" 10.4' 70.1 5.4 -0.46 ± 0.05 51.0±4.0 14.8±1.1 36±4 
WHDFCH163 J002154.1 +002309 oo" 21"' 54.101" 00° 23' 08. 7" 10.0' 10.7 0.5 -0.46±0.13 7.7± 1.7 2 .. 3±0.4 6±2 
WHDFCH164 J002308.1 +001511 oo" 23"' 08.067-' ooo 15' 11.3" 10.4' 16.0 1.1 -0.40±0.12 12.2±2.3 3.2±0.5 9±2 
WHDFCH165 J002311.4+001533 oo" 23"' 11.441" 00° 15' 33.1" 10.9' 30.4 2.2 -0.15±0.11 20.0±3.0 3.3±0.5 16±3 
WHDFCH166 J002214. 8 +001 05 7 ool' 22"' 14. 829" 00° 10' 56.711 10.9' 31.7 1.8 -0.40±0.08 27.0±4.0 7.1±0.8 20±3 
"Comparison of the AC!S-1 data with optical astrometry rcveakd an aspect offset that caused coordinates to be shifted by RAt~= 0.42 and DECc~ = -1.34 "; 
due corrections have been applied. 
hoff-axis distance from the aimpoint in arcminutcs. 
'"Signal-to-noise ratio in the hard 2-8 keV band as computed by MVM. Note that all sources listed have s;N;::: 3 in at least one band. 
n 
:r: )> 
"'0 
--l 
m 
;o 
,rv 
X 
;Q 
~ 
0 
')> 
~ 
"' 
"" ~ 
:;;! 
::0 
rn 
CJ 
c: 
n 
:j 
0 
<:: 
CHAPTER 2. X-RAY DATA 2.3. TEMPORAL PROPERTIES 
100 , 
, 
* OSO 
, 
, 
• Gal T , 
"!' , 
• ? , 
t' , 
++ 
, .., 
-+ 1 ..., 
,'1t "' u +},' "' I t 0 ~ t X 10 " ~/* ;;::: t 0 -o c: 0 .<: ,-------4!~~ t u 
, 
, 
10 100 
ROSAT flux (x1Q-15 cgs) 
Figure 2 .11: Chandra vs. ROSAT 0.5- 2 keY fluxes for the same sources . Blue stars 
are o,sos and red squares are galaxies, while black dots lack spectroscopic identifi-
cation. 
2.3 Temporal Properties 
Active galactic nuclei are known to be highly variable on all sort of time scales and 
over a wide range of frequencies. The study of their variability is an advantageous 
tool to assess the relationships between different emission spectral features and to 
determine intrinsic physical properties, such as its nuclear black hole size and mass. 
Without going into much detail, we have made simple comparisons to assess the 
temporal properties of our x-ray sample over two very different periods of time: a 
decade and a day. 
2.3.1 Long Time-scale variability 
The GSGP4 and F864 fields were actively surveyed with ROSAT in the 1990's. We 
have produced figure 2.11 to compare the fluxes derived from Chandra versus those 
previously found with ROSAT . This information is plotted for all Chandra sources 
which have a 4cr ROSAT counterpart within 15 11 ; it is therefore not complete in 
that it misses bright Chandra sources which remained undetected with ROSAT and 
vice-versa . Spectral information, if available, is also given. The plot shows that , 
regardless of type, at most ,..._, 50% of the sources seem to be constant flux-emitters 
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at decade time-scales. This fraction could in principle increase by a small amount 
due to confusion and blending of sources by ROSAT, but the number of sources 
detected with only one mission argues more strongly in the opposite direction and 
it is likely to lower the given upper limit. 
2.3.2 Short Time-scale variability 
We have taken advantage of the 20 hours of continuous Chandra observation of 
the WHDF to perform time series analysis of the photon flux for 20 of the brightest 
sources in search for "'day-scale variability. We have found that "'20% of the sam-
ple show signs of acute flux changes at these scales. Figure 2.12 on the following 
page shows the examples. 
2.4 Number Counts 
The number-flux relation in any of its forms is the most fundamental measure 
which directly describes the contribution of individual sources to the XRB. In this 
section we compute the differential source counts, n(S), and the cumulative num-
ber counts, N(> S), for the soft and hard bands. We also calculate the source 
contribution of the WHDF survey towards the hard x-ray background. 
2.4.1 Methodology 
The differential counts, n(S), are the sum of the reciprocal areas available for de-
tecting a source in the flux interval, Q(S), divided by the width of the flux interval, 
f'!.S: 
n(S) = dN(> S) 
dS 
="' (1/A;) 
£... f'!.S 
(2.2) 
It follows that the cumulative source counts, N(> S), are the sum of the inverse 
areas of the sources that are brighter than flux S. 
The sky area over which a source may be observed depends on the flux limit at 
each pixel in the image, which in turn is a function of the PSF and the effective 
exposure at every pixel. 
In order to find the sky coverage available to a given flux limit Slim at signal to 
noise ratios larger than a given threshold, s;N 2: c;, we proceed as follows. First we 
consider a source with a flux Slim that falls on pixel i,j; the s;N at which such a 
source would be detected in a fixed-size cell centred at pixel i, j is computed and its 
value assigned to pixel i,j. Then all pixels for which s;N 2: c; are counted and this is 
converted to sky area with the knowledge of the pixel scale. 
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Figure 2 .12 : X-ray variability (counts versus time) in some bright sources of the 
WHDF . Source i is an example of a constant source, while the other four sources 
show signs of variability on short time-scales . 
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Using the same notation as in equation (2.1 ), the number of net counts, C. within 
a detection cell relates to the energy flux, S, via the formula 
C=SX'tXl( (2.3) 
where K is the count-rate to energy-flux conversion factor and is constant, and 
't is the effective exposure, which is accounted for with exposure maps (§ 2.2.2). 
However, the counts that fall in the detection cell depend on the fraction of energy 
that is spread within the cell, which is given by the integral of the point spread 
function over the cell, a. Therefore the counts within the detection cell for a source 
with flux Slim can be found solving the equation 
(2.4) 
where B is the expected background counts in the detection cell. 
For each instrument configuration (ACIS-1 & ACIS-s), HRMA PSF morphologies 
across the image were extracted from the Chandra 2d_P sF library files6 , included 
in the CIAO software distribution (Jerius et al. 2000). Given that the off-axis angle 
of the source is within the library field of view, monochromatic PSF model images 
in library files No. 1 (F1) were used. The PSF models were calculated for defocus=O 
position and a single energy of 1.4967 keV for the soft band and for an energy of 
4.51 keV for the hard band. 
The counts C·i are used together with background estimations from table 2. 1 to 
calculate the s;N at pixel i,j: 7 
(2.5) 
Thus "flux limit maps" of the Chandra image are constructed for a range of 
fluxes and the sky area available at a given flux limit is found by summing all the 
pixels with 5/N values larger than this limit, s;N ~ ~· Figure 2.13 on the next page 
displays the sky area available at the flux limit of the WHDF survey, for which we 
have set~= 3. It tells us that the survey reaches 3cr flux limits of 4 · w- 16, w- 15 
and 3 .J0- 15 ergcm-2 s- 1 in the soft, total and hard energy bands, respectively. For 
the 10 x 10 ks survey, a similar analysis shows that the flux limits are 3 · w- 15 and 
w- 14 ergcm-2 s- 1 in the soft and hard bands, respectively. 
6http://asc.harvard.edu/cal/Hrma/hrma/psf 
7 Note that Band an are calculated from a set of background regions and therefore their values arc 
independent of cij. 
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Figure 2.13: Cumulative distribution of sky area available at WHDF survey flux 
limit (3cr). 
Incompleteness & Bias 
The logN vs. logS parameters derived in the following subsection could be subject to 
some biases: a) source confusion, b) contamination by fake sources, c) inefficiency 
of source detection, d) Eddington bias . 
Source confusion is not an issue because the sky density of sources detected and 
Chandra's superb spatial resolution does not allow for it (according to Alexander 
et al. 2003 source confusion is not an issue even at 2 Ms exposures). On the other 
hand, detection of spurious sources is a more likely contaminant, particularly at 
large off-axis distances. However, we have selected sources found at s; N where this 
effect is very small; also it has been further reduced by careful visual selection of 
sources at large radii from the aimpoint. 
Eddington (1913) noted that the flux distribution of the detected sources suf-
fers from a bias resulting from the fact that faint sources can be detected only if 
superposed on positive background fluctuations and therefore their fluxes are sys-
tematically overestimated. We have not undertaken Monte Carlo simulations to 
assess its effect on our data, but instead have scaled the results from o ther teams. 
In the 1 Ms surveys this bias starts affecting the data at a level of 20 and 30 counts 
in the soft and hard bands respectively. Assuming that most noise is due to unre-
solved residual XRB that scales linearly with exposure, our background levels in the 
WHDF are "' 7.5% of the 1 Ms exposures . At our survey limit of 3cr, sources typi-
cally have 10-12 counts, and hence Eddington bias is bound to be a minor effect . 
Further support for this is found in surveys of similar characteristics as the ones 
here presented. For instance, Eddington bias is found to over-estimate the cumu-
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lative number counts by about 1% in the ACIS-I 75 ks exposures of the ELAIS fields 
(Manners et al. 2003). Also Cowie et al. (2002) measured the effects of incomplete-
ness and bias for a sample of sources including observations of the Hawaii Survey 
fields SSA13 and SSA22, similar to the WHDF in observational details, and concluded 
that the number counts of sources with fluxes above a few times 10- 15 ergcm-2 s- 1 
were exempt of any of these issues. Finally, Yang et al. (2003) confirm that above 
flux thresholds of 10 (soft) and 12 (hard) counts per exposures from 40 :S 1: :S 70 ks, 
the detection is complete and the derived fluxes consistent with the input values 
in Monte Carlo simulations and, in particular, Eddington bias is small and can be 
safely ignored. 
2.4.2 Results 
We determine the source counts from 3 X 10-IS to I0- 13 ergcm-2 s- 1 in the 2-10 keV 
band and from 4 X w- 16 to also w- 13 ergcm-2 s-1 in the 0.5-2 keV soft band. This 
yields about two decades in logarithmic flux for the study of the logNvs. logS de-
pendence. 
cumulative Number Counts 
For each source we compute its s;N in the relevant band according to equation 
(2.5) and find the corresponding available area, A;, for the flux of the source that 
corresponds to the given s;N. We then compute the cumulative number counts as 
N(S) = L _!_. 
A; 
(2.6) 
Figure 2.14 on the following page shows the cumulative number counts for the 
WHDF and the 10 x 10 ks survey, in the soft and hard energy bands. We immediately 
note the excellent overlap of the two hard number count curves. Indeed, in all the 
common range, from -14.5 :S logSx(cgs) :S -13, they are almost indistinguishable. 
The agreement in the soft band is not as good and there seems to be a shortage 
of sources in the WHDF in the range -14. :S logSx(cgs) :S -13.9. The spread in the 
normalisation in this region is considerable, of '"'"'50%, much larger than what 
would be expected from only Poisson statistics in the fields. However this comes as 
no surprise since the area observed in our fields is small and the spread can easily 
accommodated as cosmic variance. In fact, Cowie et al. (2002) report a similar 
spread("-' 40%) in the normalisations of the counts in the SSA13, CDF-N, CDF-s and 
Lockman Hole fields, although in the hard band. As we say, modern x-ray detectors 
suffer from smallness of Fov and hence deep surveys are limited in sky coverage; 
as a result, a large number of surveys are mandatory to obtain self-consistent and 
accurate estimates of the evolution of the sources over a wide range of fluxes. 
Also in figure 2.14, an early prediction of the Chandra number counts based 
solely on ROSAT data (using Boyle et al. 1994 x-ray luminosity function, model 
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Figure 2.14: Cumulative source number counts per square degree for sources de-
tected in the soft (top) and hard (bottom) band images, in the WHDF and 10 x 10 ks 
surveys. The dotted line following the same distribution as the WHDF black dots 
are the number counts if the area of the survey is taken as constant as opposed 
to being a function of flux; we note that diverging effects are only observed at the 
faintest limits. Plotted as a thin green line in the soft band, an early prediction from 
ROSAT data is seen to underpredict the counts. On the other hand, the predictions 
from Gunn (1999) fit the data in both bands very well (red thick dashed line). 
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rowo.o and extrapolating to faint fluxes) is also plotted in the soft band. Although 
its shape is in overall agreement with the Chandra logNvs. logS, it seems to sys-
tematically underpredict the observed number counts. A likely explanation is the 
emergence of a new population of sources at fainter limits which are intrinsically 
harder. These sources would output a sizeable fraction of their output at soft en-
ergies, but the fact that the sensitivity of x-ray detectors and their PSF depend on 
the spectral shape of the sources would explain why the ROSAT models, based on 
an instrument with peak-sensitivity at softer energies than Chandra even though 
they cover a common energy band("-' I keV vs. "'1.5 keVin the 0.5-2 keV band, 
respectively), underpredict the number counts. Hence they would be more eas-
ily detected with Chandra. Support for this hardening being the result from the 
absorption of the softest x-ray photons comes from straight comparison of the 
hard and soft counts. We see that the hard logNvs. logS is marginally steeper than 
the soft one (see equations 2.7 and 2.8), which means that the ratio of hard to 
soft sources increases towards fainter fluxes, consistent with the explanation of 
absorption, which will act to harden and dim the x-ray flux observed. 
On the same plot we compare the observed number counts with the predictions 
of Gunn (1999) (using Model G of Boyle et al. 1994). These are based on an AGN 
population synthesis model of a flat distribution of column densities in logarithmic 
space (figure 1.6). We see that the agreement in the hard band is good, although the 
counts below logSx(cgs) ;S -13.7 seem to be systematically slightly underpredicted. 
It is difficult to judge due to the large error bars of the data points at bright fluxes, 
but it could be a sign that the prediction is overall marginally steeper than the 
observed curve. In the soft band the agreement is equally plausible once we take 
into account the shortage of sources detected in the WHDF in the flux range -14.3 ;S 
logSx(cgs) ;S -13.9. 
Finally, we note that the correction for the available surface being dependent on 
flux is only appreciable at the faintest limits and the divergence is more acute in 
the hard band (the WHDF number counts with a constant area equal to the size of 
the ACIS-1 Fov are shown as a dotted line labelled as "WHDF constant area"). 
We fit the slope of the logN vs. logS for each band with a power-law using a 
weighted least-squares method and compare it with results published in the lit-
erature. In figure 2.15 we plot the cumulative source counts per square degree 
for the soft and hard bands in the WHDF (filled circles) with Ia uncertainty bars 
(incorporating Poisson number statistics but not accounting for flux estimation 
uncertainties nor for the available area of the survey at the flux limit of our sur-
vey). Also shown are the results from Mushotzky et al. (2000) on the SSA 13 field 
(red filled area). Giacconi et al. (2001) on the Chandra Deep Field-South (CDFS; 
blue filled area) and Brandt eta!. (2001) on the Chandra Deep Field-North (CDFN; 
stripped area) obtained from their quoted best-fitting power-laws and uncertain-
ties. The best power-law fit to our data is shown in the figure as a thick yellow 
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Figure 2.15: Cumulative source number counts per square degree for sources de-
tected in the soft (top) and hard (bottom) band images of the WHDF. Filled cir-
cles (with lo uncertainty bars) are data points and the yellow strip shows the 
best-fitting power law. The data is compared with the source counts on SSA 13 of 
Mushotzky et al. 2000 (red shading), on CDFS of Giacconi et al. 2001 (blue shading) 
and on CDFN of Brandt et al. 2001 (green line). 
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line and for the soft band has a shape of: 
logN = ( -8.6 ± 0.4)- (0.76 ±0.03) logS (2.7) 
while for the hard band it can be represented by: 
logN = ( -11.8 ± 0.5)- ( 1.02 ± 0.04) logS (2.8) 
Equation (2. 7) gives a fit almost identical to that found in the CDF-5 by Giacconi 
et al. in the flux range where both surveys overlap and confirm earlier results with 
R05AT of a slope of 0.8 ±0.2. Above 3 x w- 15 ergcm-2s- 1 our data also agree well 
with Mushotzky et al. but, below that flux, the WHDF suffers a depletion of sources 
around logSo.s-2 keY~ 14 (cgs) and the agreement is not good. In the hard band, the 
fit given by equation (2.8) is in perfect agreement with the results of Mushotzky 
et al. and clearly confirm a break in the slope compared to the quasi-Euclidean 
behaviour at brighter fluxes (e.g. Cagnoni et al. 1998). 
Differential Number Counts 
Differential number counts have many advantages radioastronomers are well ac-
quainted with. The two most notable are in the statistical independence of the 
data points and in the ease with which breaks and shape changes might be seen 
(Jauncey 1975). We have plotted in figure 2.16 the differential source counts per 
square degree per unit flux as filled circles with lcr uncertainty bars (as for the 
cumulative counts, including only Poisson uncertainties on the counts). We have 
normalised to a unit flux of w- 15 ergcm-2 s- 1 and multiplied the differentialn(S) 
function by S2·5 since in this representation an Euclidean n(S) yields a horizontal 
line. A weighted least-square fitting with a single power-law has been attempted 
in the soft and in the hard bands. In the former the best fit is given by: 
logn(S) = ( -22.7 ± 1.5)- ( 1.7 ± 0.1) logS (2.9) 
over the flux range (0.6-32)x w- 15 ergcm-2 s- 1. For the 2-8 keV band over the flux 
range (2-80)x 10- 15 ergcm-2 s- 1 the best fit is: 
logn(S) = ( -25.7 ± 0.4)- ( 1.94 ± 0.03) logS (2.10) 
As can be seen in figure 2.16 these fits are very similar to that of the ELA15 Deep 
x-ray Survey (Manners et al. 2003). They are also in very good agreement with 
the results from the chaMP survey of Kim et al. (2004). In the soft band, however, 
the fit by a single power-law is not as satisfactory as in the hard band. Cowie et al. 
(2002) fit a broken power-law to the combined counts of the CDF-5, CDF-N, 55A13 
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Figure 2.16: Differential source number counts per square degree and unit flux 
normalised by S2·5 at a flux of w- 15 ergcm- 2s- 1 for sources detected in the soft 
(top) and hard (bottom) band images of the WHDF. n(S) has units of number per 
square degree per w- 15 ergcm- 2 s- 1. 
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Figure 2.17: Contribution to the hard x-ray background. We plot the integrated 
hard band flux for sources fainter than w- 13 ergcm-2 s- 1 in the WHDF and compare 
it to the normalisations from BepposAX and ASCA. 
& SSA22 Chandra fields in the 2-8 keY band and their results agree comfortably 
within the error limits of our data. 
2.4.3 Resolved Fraction of the Hard x-ray Background 
Our fitted N( > S) gives an integrated contribution of 1.25 x w- 11 ergcm- 2 s- 1 deg2 for 
fluxes 2.75 ;S s !cgslj 10- 15 ;S I 00 in the hard band. The actual resolved fraction of the 
XRB depends on the absolute intensity of the XRB emission, which different studies 
esteem different by rv 30%. When the contributions above w- 13 ergcm- 2 s- l from 
Giommi et al. (2000), della Ceca eta!. (2001) and Ueda eta!. (1999) are subtracted, 
Vecchi et al. (1999) and Ishisaki et a!. (1999) measure residual values of 1.8 and 
1.3 X 10- 11 ergcm- 2 s- 1 deg2 , respectively for the hard XRB. Taking the latter value, 
the contribution of resolved sources in the WHDF accounts for virtually the whole 
2-8 XRB. On the other hand, it makes up to rv 70% of the hard XRB if we take the 
BeppoSAX measurements. In this case, given that the peak contribution arises near 
the break at 1.4 x w- 14 ergcm- 2 s- 1, while at the faint end counts converge slower 
than logarithmically and therefore faint sources provide a small contribution to 
the XRB, it seems that there would still be room for a new class of source or even a 
small contribution from diffuse emission. 8 
8 cf e.g. Fukugita eta!. (1998) ; Phillips eta!. (2001) in regard to the problem of the missing baryons in 
the local universe compared to the expectations from Big Bang nucleosynthesis arguments and observed 
light-element ratios, which could be in warm/ hot diffuse intergalactic structures . 
The evolution of galaxies and AGN from deep x-ray and optica l surveys 
CHAPTER 2. X-RAY DATA 2.5. SPECTRAL PROPERTIES 
2. 5 Spectral Properties 
A hardness ratio defined as HR = (SH- Ss)/(SH +Ss), with SHand Ss being the count 
fluxes in the hard and soft band respectively, was computed to study the x-ray 
spectral properties of the detected sources. A plot of hardness ratio versus x-ray 
fluxes for each of the detected sources can be found in figure 2. 18. Assuming that 
each source can be described by a single power-law, P(E) oc E-r with P being the 
photon intensity (units ofphotonscm2 s- 1 keV- 1 sr- 1), E the photon energy and r the 
photon index, the ratios of the counts in the soft band to those in the hard band 
can be used to compute the photon indices of individual sources. For reference we 
have overplotted in figure 2.18 the hardness ratios corresponding to photon indices 
of r = 2.2 (adequate for the mean 050 spectrum), r = 1.4 (which approximately 
describes the XRB spectrum from 3 to 15 keY; e.g. Marshall et al. 1980; Gendreau 
et al. 1995; Vecchi et al. 1999) and of r = -I. 
Confirming the trend found with ROSAT (Hasinger et al. 1993; Almaini et al. 
1996) we note a progressive hardening of the soft population as fluxes get fainter; 
the average spectrum for our sources in this band yields a photon index r = 
1.6 ± 0.1, flatter than the ROSAT-canonical of r = 1.8. This works into solving the 
spectral paradox. A hardening at fainter fluxes is not observed in the hard band. 
We worry that this result could be partially ascribed to selection effects favouring 
the detection of sources with intrinsically softer spectra at a given flux limit. How-
ever, it can easily accommodate within the framework of absorbed faint sources. 
Figure 1.5 shows how different energies are affected by different amounts of ab-
sorption and, while column densities of nH ~ I 022 cm2 already seriously dim the 
soft 0.5-2 keV band, it takes columns well in excess of nH ~ 1023 cm2 to dim the 2-
10 keV range to a similar degree. Hence high hardness ratios caused by absorption 
will more likely imply faint fluxes in the soft band than in hard band. A similar 
conclusion is reached by detailed x-ray colour-colour analyses, such as those per-
formed in tl1e chaMP survey by Kim et al. (e.g. 2004). These scientists find that the 
hardening occurs in the soft colour but not in the hard colour, suggesting that the 
cause for this is mainly absorption rather than intrinsic spectral hardening. 
We also note that there is a large range of hardness ratios in the sample at all 
fluxes. At the faint end there is a smooth transition between soft and hard sources, 
hut at brighter levels we ouserve a clear bimodality with a major group of soft 
bright sources with HR ~ -0.7 and a smaller group of hard bright sources with 
HR ~ 0.3; this bimodality is confirmed in both WHDF and 10 x 10 ks surveys. There-
fore, there seems to be a relatively bright and hard (f ~ -0.1) population of sources 
which make an appreciable contribution to the XRB. We will inspect with more de-
tail this hard and bright population in section 4.3. 
A final observation from the hardness ratio vs. fluxes plot is that in the F864 field 
the fraction of hard sources is much smaller than in the other two fields. 
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Figure 2.18: Hardness ratio versus fluxes in the soft (top), hard (middle) and total 
(bottom) bands. Green, blue and red colours represent sources in the WHDF , GSGP4 
and F8 64 fields , respectively. We have included detections in the range 2.5 :::; s;N :::; 3 
as well, marked with small circles . For reference we have included some photon 
indices calculated assuming no intrinsic absorption. Note the progressive harden-
ing towards fainter fluxes in the soft band and the presence of a population of very 
hard and bright sources and also that in the F864 field the sources are generally 
soft. 
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2.6 summary 
This chapter has been concerned with the x-ray data of the WHDF and 10 x 10 ks 
surveys of the cosmic XRB. We have reviewed the characteristics of the instru-
mentation involved in the data acquisition and the processes of data reduction and 
construction of catalogues of x-ray sources. In these catalogues there are 140 
sources detected with s;N 2': 3 in at least one band. A very high proportion of hard 
(2-10 keY) sources (over 75%) are also detected with high significance in the soft 
band (0.5-2 keY). If the hard band population is representative of highly obscured 
AGN at low-to-intermediate redshifts (z ;S 1.5), this indicates that in type II AGN 
significant soft emission can still be produced. In the soft band, only ,..._, 40% of 
the sources are significant emitters in the hard band, which argues in favour of 
a large fraction of the XRB at soft energies resulting from unobscured AGN. We 
have assessed the basic temporal properties and showed that at most half of the 
x-ray sources seem to be constant flux-emitters over time-scales of a decade; at 
time-scales of a day, we find that acute flux changes might affect 10- 20% of the 
brightest x-ray sources. We have then derived the source number counts down to 
fluxes of 4-10- 16 (3 · to- 15 ) and 3-10- 15 (1-10- 14 ) ergcm-2s- 1 in the soft and hard 
bands of the WHDF (I 0 x 10 ks) survey, and fitted their slopes with a power-law 
using a weighted least-squares method. We find a spread in the normalisations 
of the counts of ,..._, 50% in the two surveys, which we attribute to cosmic vari-
ance. Our fitted logNvs. logS in the WHDF are consistent with most other results 
in the literature, once cosmic variance is accounted for; in the soft band the fit is 
almost identical to that in the CDF-S while, in the hard band, excellent agreement 
is obtained with the results in the SSA 13 survey. This results in an integrated con-
tribution of 1.25 X 10-ll ergcm-2 S-l deg2 for fluxes 2.75 ;S 5 (cgsl/w-'' ;S 100 in the hard 
band. Finally, we have described the x-ray spectral properties of the sample. The 
sources are found to harden with soft flux but not with hard flux, as expected if 
their flat spectra are due to absorption of soft x-ray photons. We have also identi-
fied, from both surveys, a major group of hard bright sources with HR ,..._, 0.3 which 
seem to contribute appreciably to the XRB. 
The evolution of galaxies and AGN from deep x-ray and optical surveys 
CHAPTER Ill 
Optical follow-up of Chandra 
sources 
The only uniform cc11 is a dead one. 
Mackay I 1986) 
This chapter reports on the imaging and spectroscopic efforts undertaken to iden-
tify in the more familiar optical and near-infrared domains the Chandra sources 
described in chapter 2. We describe herein the acquisition and reduction of data 
processes and present a description of the datasets employed. 
Understanding the multiwavelength properties of x-ray sources is of utmost 
importance since it allows us to link by comparison our knowledge in different 
electromagnetic domains into a bigger synthetic picture. With Chandra's sub-
arcsecond spatial resolution and such a long tradition in optical astronomy, cor-
relating our Chandra sources with their optical/near-infrared counterparts is an 
unavoidable starting point to characterise and understand the populations that 
contribute to the XRB. 
In order to maximise the number of sources for which information is available 
in the optical and in other wavelength regimes, we have undertaken a double pro-
gram by searching in public catalogues (datamining) and by obtaining our own 
data (observational). The latter is convenient for it is tailored to fit our particular 
prqject, while the former is a cheap and suitable way to reach beyond our data, 
particularly for the more conspicuous sources. Compared to datamining, pursuing 
one's own optical surveys excels in the imaging and photometric aspects, while for 
the more expensive spectroscopic follow-up, we have found both approaches to 
data-gathering to be of similar efficiency. 
In terms of datamining, for all fields we have searched the NASA Extragalactic 
Database. For the GSGP4 field we have also crosscorrelated our Chandra sources 
with the 2dFGRS (Colless et al. 2001) and the 2QZ (Croom et a!. 2001) surveys, 
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while for fields WHDF and F864, data from the soss has proven useful, particu-
larly for multi-colour photometry. In addition, we have pursued a) for field F864, 
deep optical imaging with INT/WFC and optical spectroscopy with WHT/ WYFFOS & 
AAT/2dF; b) for field GSGP4, optical imaging with AAT/WFI and optical spectroscopy 
with Magellan-'I/LDSS2; c) in field WHDF, very deep optical and near-infrared imag-
ing with WHT/ Prime Focus Camera, Calar Alto's Q Prime, UKIRT & cno; and optical 
spectroscopy from Magellan-1/LDSS2 & Gemini-N/GMOS. An inventory of instru-
ments and datasets used in each field is given in table 3.1 on the next page. 
Sections 3.1-3.3 are concerned with the optical imaging (WFI on the GSGP4, WFC 
on the F864, the Herschel Deep Field, respectively); sections 3.4 & 3.5, with the 
optical spectroscopy (LDSS2 on the WHDF and GSGP4, WYFFOS on F864). Lastly, sec-
tion 3.6 deals with the public data employed (NED, 2dF, soss). 
3.1 Wide Field Imager 
The Wide Field Imager (WFI) camera is a wide-field ceo imaging mosaic used at 
the f/3.3 prime focus of the 3.9 m Anglo-Australian Telescope (AAT; at the Coon-
abarabran observatory of Siding Springs) .1 It provides a focal plane detector sys-
tem of 8192 x 8192 pixels made up of a 4 x 2 array of 2048 x 4096 15 micron pixel 
thinned, back-illuminated, ccos cooled to "' 170 K. In this format it yields a pixel 
scale near the field centre of 0.2295" pixel- 1• Figure 3.1 on page 6 7 displays the 
distribution of the ccos in the focal plane. 
On 271"-281" December 2000 we employed WFI to target the GSGP4 field for a total 
of two hours equally split amongst the g (#90), r (#91) and i (#92) WFI Sloan filters 
into 4 x 600 s exposures each. Previous imaging and photometry in this region 
existed from UKST/APM/SuperCOSMOS but at much shallower (by '""4 mag) regimes. 
With our WFI data we cover an area of roughly 33' x 33' centred on a= ooh 57111 575 , 
8 = -27° 35' 19" (J2000) to a limiting depth of g"' 25.3, r"' 25.0, i'"" 23.7 magnitude 
(table 3.2). 
3.1.1 WFI Data and Reduction Analysis 
Prior to obtaining good photometry we reduced the data to remove any signa-
tures from the instrument. The end result of the reduction process can be seen in 
figure 3.4 on page 7 3, which shows the mosaicked field in the i band. 
The data reduction was carried out with a custom-written pipeline using mostly 
standard routines from the IRAF2 , Starlink 3 and WCS-TOOLS4 (Mink 1997) suites. 
The same pipeline with minor adjustments had been employed successfully for the 
1http:/lwww.aao.gov.au 
2 http: I I iraf .noaa. edu (IRt\F is distributed by the National Optical Astronomy Observatory which is 
operated by J\LJRA Inc. under contract with the :>~SF). 
:Jhttp:/lwww.starlink.rl.ac.uk 
4 http:/ltdc-www.harvard.edulsoftware/wcstoolslindex.html 
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Table 3.1: Resources employed in each field. 
X-ray Optical 
Field Imaging Spectroscopy Imaging Spectroscopy 
WHDF Chandra WHDF/PFC, LDSS2, 
Q Prime, GMOS. 
UKIRT, 
CTJO. 
GSGP4 Chandra XMM AAT/WFJ. LDSS2, 
2dF. 
F864 Chandra XMM INT/WFC, WYFFOS. 
SDSS. 
Table 3.2: Journal of the observations of the GSGP4 field with WFI on 27111-28111 
December 2000, including the photometric limits achieved. 
RAa DECa Band Exposure~' Magnituder Aread FWHMr 
ooh 57"' 57' -27° 35' 19" x (#90) 40 25.3 o.3o 2.0 
ooh57"'57' -27°35'19" r(#9'!) 40 25.0 0.30 1.85 
ooh57"'57' -27°35'19" i(#92) 40 23.7 o.3o 1.40 
"Nominal pointing, J2000. 
blntegration time, in minutes 
r3cr limit 
de overage, in square degr~t:s 
rseeing: full width at half maximum, in arcsec 
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Figure 3.1: WFI focal plane layout . 
reduction of WFC imaging in the F864 field (cf § 3.2). WFI outputs pixel data 
in the form of multi-extension FITS (MEF) format files. After a failed attempt to 
use IRAF's MSCRED (with WFC data it would not deal successfully with linearity 
corrections and others), we found more convenient to convert the MEF files to plain 
FITS format. IRAF's imcopy did the job of splitting the mosaic images into single-chip 
images . 
Deblasing 
Instrumental signatures need to be removed in reverse order from which they were 
introduced and therefore the first step in reduction analysis is debiasing . 
During the digitization process, A/ D convertors can only measure a positive in-
coming signal but, in the presence of random readout noise and at low light levels, 
the true input signal can be negative. To prevent truncation of the negative sig-
nals, the signal is biased by adding a pedestal level before it passes through the A/ D. 
This bias needs to be removed in order to maintain correct count ratios between 
different sources. 
ceo detectors generate an underscan/ overscan region by reading out the ampli-
fier before/ after all the charge from the pixel array has already been clocked, which 
can be used to monitor and correct this oc offset and RMS noise of the electrons. 
In the WFI chips the bias levels were not stabilised but fluctuated by several units 
(ADU) and therefore overscan subtraction was essential (with the added benefit that 
it also removed any fixed pattern noise). We debiased by fitting a scalar value for 
each ceo in each image individually from the overscan regions and then subtract-
ing it from each column in the frame. This still left an appreciable fixed-pattern 
low-level structure from column-to-column variation in the composition of the 
bias level , which did not seem to vary neither with time nor with telescope point-
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Figure 3 .2: Image for a 1800 s dark frame taken with the guide ceo turned off, 
after zero subtraction, trimming and overscan subtraction. cco4, with the worst 
dark current, shows considerable structure on large scales, as does cco1 (note a 
bright region on its right edge). Chips 1,2,5 ,7 and 8 all show globular-cluster-like 
structure ("warm blobs"), where dark currents are elevated by 5-50 AOU per pixel 
over several hundred pixels. We had to subtract the thermal current from our 
science frames . 
ing . We corrected this bias structure by subtracting a master zero frame, obtained 
by averaging (with minmax rejection) eighteen frames with zero integration times 
taken at the beginning and end of the night . At this point, images were trimmed 
to the final active ceo area. 
Linearity Correction 
The mosaic chips show significant nonlinearity effects over their full dynamic 
range, where the quantum efficiency is a function of the count level. This has 
an effect on photometric measurements, which could diverge for the same object 
in different frames to significant levels (a few tenths of magnitude). We corrected 
for nonlinearity by applying the WFI-website recommended third-order polynomi-
als to the observed counts, bringing residual errors to a negligible degree ( < 0.2%). 
Dark Current 
WFI is operated in rather warm conditions and thermal excitation effects were ap-
parent in our dark frames after removal of the overscan and bias levels (figure 3 .2). 
The most prominent structures caused by dark current were on chips one and four, 
but some globular-cluster-like features could be seen in most chips . 
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A simple treatment demands three or more dark frames (long integrations with 
the shutter closed, of exposure times matched to those of the observations) in order 
to median-stack them to get rid of cosmic rays. Unfortunately we only obtained 
one dark during the observations and therefore had to pursue a slightly more in-
volved path to get the dark frame free from cosmic rays. The aim being to locate 
those in the dark frame, we used s Extractor to construct an image of detected 
objects in the dark frame with the local background subtracted (an object check 
image). That check image indeed detected all the cosmic rays but unfortunately 
some of the globular-cluster-like structures were also included as objects. In this 
respect it would have been convenient that s Extractor had an option to limit the 
maximum number of pixels an object can have. But it did not, so to get rid of those 
in the check image we used the characteristic that the counts of the thermal noise 
are of the order of rvSO, much lower than those for cosmic rays, to substitute with 
IRAF's imreplace all values lower thanK, with 35::::; K::::; 75 according to each partic-
ular structure, in those regions where dark current was detected as an object. We 
then subtracted with imari th the background-subtracted object check image from 
the linearly- and badpixel- (with fixpix) corrected dark frame. Finally, inspection 
of the resultant images showed that the dark-current patterns were still there but 
not a single cosmic ray was present (all values were < 100). 
Subtraction of the dark frame (properly scaled to time exposures) corrected for 
the thermal current. 
Flat Fielding 
The quantum efficiency (QE) over an entire chip is never uniform. Local pixel-to-
pixel variations are usually of a few percent in QE. Larger-scale spatial variations 
can be more important, particularly on thinned ccos, where the thinning process is 
usually non-homogeneous. To calibrate for these sensitivity variations, along with 
likely illumination and filter throughput differences across the camera, images are 
tlat fielded. Given their multiplicative nature, correction requires dividing the data 
by a nat-field. 
Flat-fields are frames exposed to a uniform source of illumination, such that any 
response variations will be flagged. Three evening and three morning twilight tlats 
(i.e., short exposures of regions of sky devoid of stars taken in the beginning and 
end of each night) were taken with each filter and combined into a master tlat-field. 
On passing, it is worth noting that the twilight sky has a different background 
spectrum than that which is observed in the dark night sky, which means that the 
illumination correction derived from twilight tlats is likely to leave a non-uniform 
background of dark sky in observation frames. Obtaining a tlatfield by combining 
the data itself after filtering out the astronomical objects would have the correct 
underlying illumination spectrum and so would produce the correct sensitivity for 
the detector. Unfortunately, the low quantity of data available from each night 
and also the presence of fringing in the r-and i-band images (see§ 3.1.1) advised 
The evolution of galaxies and AGN from deep x-ray and optical surveys 
CHAPTER 3 OPTICAL FOLLOW-UP OF CHANDRA SOURCES 3.1. WIDE FIELD IMAGER 
Figure 3 .3 : Example flat-field image for filter g, showing non-uniform response 
across the detector. 
against taking this route. This fringing dominates the night sky spectrum in the 
science observations, but its contribution in the twilight sky flats is smaller be-
cause, at bright twilight , continuum emission dominates over line emission. Dome 
flats, where lamps illuminating the dome are used as a uniform background, were 
also regarded as unsatisfactory on the grounds that their spectrum did not reflect 
that of the night sky. Therefore a master flat field frame in all g, r and i bands 
was created, comprising a median-combination of all available g, rand i twilight 
images for each night , rejecting deviant pixels using the avs i gclip routine after 
scaling each of the individual frames by the inverse of the mode to obtain a less 
biased average given that some pixels are rejected. Figure 3.3 shows the master 
flat-field for the g filter. 
Given that response may have changed through the night , the stability of the 
flats over that period (and hence the accuracy of the master flat- fields) was assessed 
by comparing the corresponding master flats from dusk to dawn, dividing one 
frame by the other (properly scaled) and studying the deviation from unity of the 
resultant image. In this way, flats were found to be highly uniform all across the 
frame and consistent with each other to better than 3%. 
Data in each band were then flatfielded by dividing each science frame by the 
corresponding normalised flat obtained from dividing the flat by the average value 
before flat -field division, in order to roughly preserve the correct counts in the 
objects . 
Sky frames flattened by the above procedure still displayed some illumination 
gradients (of the order of "" 5%) across the chips . To correct for this defect we ere-
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ated an illumination correction. We imcombined all field images of the same ef-
fective exposure (already flatfielded) with a median operation, scaling & weighting 
by the mode and applying a cosmic ray rejection algorithm, to obtain new sky-
flats (raw sky-flats). To remove any signal from objects not completely removed in 
the medianing of images, we constructed an object check image with s Extractor. 
These check images were subtracted from the raw sky-flats. As commented above, 
the resulting images suffered from severe fringing in the r and i bands (fringed sky 
flats). The fringes were removed by convolving the sky flats with a Gaussian blur 
filter (cr = 25). An additional convolution, this time with a boxcar filter, proved 
advantageous to further smooth the images into the final sky-flats for the r and 
i images, were fringing was more severe. To obtain completely flat and uniform 
(constant throughput) chips, we first scaled the background level of every chip to 
that of chip number 6, which is allegedly the better-behaved chip, and then divided 
all field frames by the sky-flats, in the same way we flatfielded before. 
Defrlnglng 
The night sky is mostly a continuum spectrum at optical regimes, but at longer 
wavelengths significant structure arises due to emission lines from molecules in 
the atmosphere, predominantly OI-l-radicals. The fringing effect is caused by the 
interference of multiple reflections between the two surfaces of the ceo when the 
wavelength of the incident light is an integer multiple of the distance between the 
two surfaces of the ceo (cf Goudfrooij et al. 1998). On thinned ccos such as WFI 
(which, as a result, achieve overall higher quantum efficiencies and respond better 
to blue wavelengths), the thickness of the detector is of the same order as the wave-
length of these emission lines which, as a result, are amplified via interference in 
the chip. The fringes are additive and, although their intensity varies through the 
night, we found that their pattern remained stable in the course of the observing 
run (confirming that the relative strengths of the emission lines in the illumination 
spectrum remained constant). The amplitude variations were of the order of rv 5% 
in the i filter, but the effects were already notorious with the r filter. 
Fringe removal was achieved by subtracting a fringe image made from a combi-
nation of flat-fields. In particular, the same fringed sky-flats described above were 
scaled to the background of the data frame to defringe, which was subtracted from 
the scaled fringed flat. This scaling of the amplitude of the fringe mask to the am-
plitude of the fringes in each data frame before subtraction is important because 
emission line intensities vary on short time scales ( rvminutes) and so the level of 
fringing in each image can be significantly different from observation to observa-
tion. The resultant image was that of the fringes alone, at the adequated intensity 
for each frame to defringe. This image was then subtracted from the data frame 
The evolution of galaxies and AGN from deep x-ray and optical surveys 
CHAPTER 3. OPTICAL FOLLOW-UP OF CHANDRA SOURCES 3.1. WIDE FIELD IMAGER 
resulting in a defringed image. This procedure can be written as: 
. [ mode(FData[i]) ] DData[i] = FData[1]- FFlat x ( ) - mode(FData[i]) , 
mode FFlat 
(3.1) 
where DData[i] is the defringed data frame labelled i; FData[i] is the fringed data 
frame (after illumination correction) labelled i, which we want to defringe; FFlat is 
the fringed sky-flat as obtained from the medianing of sky images and subtraction 
of an object check image. Following equation (3.1) the fringing was reduced to 
less than 1% of sky. Measurements of the effective gain (computed as ferr = -!fr, 
with }1 being the mean and cr the standard deviation in the histogram of counts; 
random readout noise being negligible at < 5 rms) in sample regions across the 
chips showed that the s;N did not change appreciably and, since these fringe levels 
are of the order of the residual non-linearity, better defringing was not attempted 
since it would not improve the photometry. 
3 .1. 2 Registration and Mosaicking 
Image registration and mosaicking was performed with the help of a routine de-
veloped by David Gilbank based on the Starlink software CCDPACK. One image 
of each target was taken as the reference and the relative offsets to the others 
calculated using the tasks fiNDOBJ, FINDOFF and FINDREG to find common objects 
amongst frames and calculate the offsets to sub-pixel accuracy. The images were 
then geometrically transformed with subpixel shifts and bilinear interpolation to 
conserve flux using TRANNDF and, lastly combined using a 3-cr clipped mean within 
the MAKEMOS task. 
Astrometry 
The WCSTOOLS package (Mink 1997) was employed to perform astrometry against 
the USNO-A2.0 astrometric catalogue (Monet 1998) and to calculate the World Co-
ordinate System (wcs) of the images. Internal accuracy was found to be better 
than 0.3 arcsec over all the detector area. 
3.1.3 ObJect Detection and Classification 
The automated detection and photometry of objects in the registered and mosaicked 
images was performed with s Extractor 2. 2. 2 (Bertin & Arnouts 1996), 5 a fast 
and robust package that handles well large fits files like our data. It generally works 
by fitting and subtracting the background and determining whether pixels belong 
to that background or to objects; splitting non-background areas into separate 
objects; determining the properties of each object; and outputting them into a 
catalogue. However it is also highly configurable by the user. 
"source EXtractor. http: I /terapix. iap. fr/ 
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Figure 3.4: Final reduced mosaic of the GSGP4 field (centred on a= 0011 57111 575 , 
8 = - 27°35'19", J2000). This represents a 40-minute exposure with the i WFI filter, 
reaching a limiting depth of i rv 23.7 magnitude. The field size is 33' x 33'; east is up 
and north to the right. Acquired with the AAT on the 27' 11-28111 December 2000. 
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All source detection was undertaken in a single image, while the photometry was 
performed applying the apertures and positions found in that detection image to 
the different passband data. Since colour properties of the Chandra counterparts 
were fundamental, this procedure proved very convenient because the photometry 
is done on the same objects with the same apertures for each filter. It also alleviated 
the task of matching catalogues from different filters (with possible images from 
different filters undetected in a certain passband or deblended into multiple images). 
Source Detection 
To build the detection image we built a x2-image, where each pixel value corre-
sponds to the probability that the given pixel flux comes from the sky background 
or from a source. This method, pioneered by Szalay et a!. ( 1999), optimises the 
available colour information into a composite image of the g, rand i passbands, 
provided that the images are sky-noise limited (i.e., instrumental sources of pixel 
noise are irrelevant compared to the photon noise of the sky background). Since we 
wanted to correlate these sources with Chandra detections and were not concerned 
about having a lot of spurious sources in the optical catalogues (they would just 
not be used), we tagged the pixels likely to be sky by clipping the probability image 
at a low detection threshold, well below the '"optimal Bayes threshold" (Fukunaga 
1990). The process then continued using this binary mask to create contiguous 
regions and deblending them into separate objects. 
s Extractor provided a good framework to perform these operations. It was run 
in dual image mode, with 10 adjacent pixels as the minimum detection area and 
With BACK_TYPE=MANUAL & BACK_VALUE=0. 0, 0. 0 SO that SEXtractor did not fit 
and subtract any background before applying a detection threshold. This step is 
important because our x2-image is a positive definite quantity and subtracting a 
background would affect the detection threshold. 
Two convolution filters were applied before the detection of pixels above the 
threshold and two catalogs were generated. Filtering the data essentially smooths 
the image and so removes the capriciousness of the position of pixel boundaries, 
which increases the s;N for faint, extended objects. We chose two different filters to 
increase the number of detections. The main catalogue was obtained by filtering 
with a top-hat kernel and a secondary catalogue was obtained with a mexican-hat 
convolution, which is useful in very crowded star fields and in the vicinity of neb-
ulosities. The second catalogue contained a few deblended objects which appeared 
as single detections in the main catalogue. A master list was created after updating 
the main catalogue with the deblended sources found with the mexican-hat filter. 
An attempt to find extra Chandra counterparts was made operating s Extractor 
in Ass o c mode, where Chandra sources' positions where fed into s Extractor with 
a search radius (2") and priority given to the nearest association. No extra sources 
were obtained for which any reliable magnitude or colour information could be 
derived. 
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Figure 3.5: Stellarity index, c LAs s_ s TAR , against g magnitude . At magnitudes 
fainer than g ~ 22.5 the indt>x breaks down and becomes unreliable. 
Source Classification 
s Extractor's stellarity index, CLAss_sTAR , is produced through a neural network 
which requires knowledge of the seeing conditions of the observations in order to 
distinguish between extended and point-like sources. Accurate estimations of the 
seeing are also necessary in aperture photometry, to match with precision the point 
spread functions of the different filters and ensure that the same physical sample 
regions are accounted for in galaxies when colours are measured. 
To estimate the seeing we ran s Extrac t or with an initial value of the seeing taken 
from the image FITS headers and with a detection threshold of 8cr and CLAS s_sTAR= 
0.99 to detect only the brightest stars . We excluded saturated stars and cosmic rays 
by setting a minimum number of pixels per detection of DETECT_ MI NAREA= 25 and 
high and low cuts to the total counts . We then fitted Gaussian profiles to the de-
tections and the mean full width at half maximum (FWHM) was taken. In this way 
we obtained a seeing of 2", 1 .85" and 1.40" for the g, rand i images respectively. 
Figure 3 .5 plots the stellarity index, CLASS_ STAR , against the g magnitude . We 
see that the index is unreliable for magnitudes fainter than g ~ 22.5 . 
Positional Accuracy of counterparts 
Chandra sources were correlated with WFI detections in search for optical counter-
parts to x-ray objects. Sources were matched if their centroids in the x-ray and 
optical regimes were closer than 2" . A total of 6 7 objects fulfilled this requirement . 
Their positional offsets are presented in figure 3. 6 . The mean offsets are found to 
be 0 .29" and 0 .09" in right ascension and declination respectively. 
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Figure 3 .6: Offsets between Chandra and WFI positions for the same sixty-seven 
objects from table 3.4, in arc second units. 
3.1.4 Photometric Calibration 
Colours & Transformations 
The magnitudes we measure for all objects are in the 'nah1ral' ceo bands (which 
agree with standard BRI for sources with zero colour); this system is referred, 
in the remainder of this thesis, simply as gri. Using WFI observations of Landolt 
( 1992) standard fields , we provide solutions to colour equations measured each 
night for transforming between our internal ('instrumental' magnitude plus zero 
point) and the Johnson-Cousins photometric systems: 
-ginstr + BLandolt = a; (B - R ) Landolt + b; (3 .2) 
- rinstr + RLandolt = ai (B - R)Landolt + b1 (3 .3) 
k ( ) k 
- rinstr + RLandolt = a R - I Landolt + b (3 .4) 
- iinstr + /Landolt = a' (R - /)Landolt + b' (3 .5) 
where a are the colour terms and b the zero points of the photometry. 
Six calibration stars were altogether detected with WFI , but given that WFI 's field 
of view is larger than Landolt's Selected Areas, they fell on chips five, six and 
seven only. The transformation equations calculated using these chips can be safely 
extrapolated to the rest because our flat fielding has uniformised them to the point 
where all chips have the same mode value. Hence, no difference in zero point 
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Band Zero point (b) Colour term (a) 
g (i) 26.123 ± 0.012 + 0.314 ± 0.009 
r (j) 25 .929 ± 0.012 - 0.057 ± 0.009 
r (k) 25 .925 ± 0.012 - 0.159 ± 0.026 
i (/) 25.549 ± 0.004 - 0.165 ± 0.009 
Table 3. 3: Coefficients from Landolt Calibration. The letters in parentheses next to 
the band name represent the superindices in equations 3.2 - 3.5. 
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Figure 3. 7: Standard star calibration plots (catalogue colour vs. catalogue minus 
instrumental magnitude) for the GSGP4 g, r and i bands . The lines indicate the 
adopted colour equations (the fits exclude the blue points). 
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between chips should exist and with this method we calibrate all chips to the same 
system. The best-fit solutions were used to calculate the zero-points and the colour 
terms; the results are shown in table 3.3 on the page before, while figure 3.7, on 
the same page, shows the data on which these are drawn. In three calibration plots, 
the standard starT Phe G (marked as a blue dot in the plots) is clearly off the mean 
line, and has not been considered for the fits. Unfortunately our observations did 
not comprise a range of observations for different airmasses and therefore we could 
not derive the extinction terms. Since no log of such information could be found for 
Siding Springs, we arbitrarily used the average extinction coefficients for La Palma 
as obtained with the Carlsberg Meridian Telescope.6 These are 0.19 for g', 0.09 for 
r' and 0.05 fori'. Assuming a difference of 10% between the adopted and the true 
extinction values and given that our observations took place at zenithal distances 
of 27° :S: ZD :S: 46° that would introduce a photometric error of < 0.01 magnitude, 
which is of the same order as the uncertainty in the zero points in the three bands 
(see table 3.3). 
For the photometry we chose an aperture diameter of 2.5 x FWHM, as opposed 
to the same aperture Landolt used ( 1411 ), and then applied an empirically derived 
aperture correction to the flux measured, based on a curve of growth analysis. 
Although this correction is only proper for point-like sources with atmospheric 
and instrumental broadening (PSF), it is as well a good first-order correction for 
galaxies. In any case, this correction is small, "-- 2%. In favour of adopting this 
aperture: i) Lilly, Cowie & Gardner ( 1991) found a similar value to be optimal for 
the measurement of faint galaxy colours; ii) it fits better the sizes of our (faint) 
objects; iii) and is also sensible as a match to fibre sizes, as we were looking ahead 
to fibre-spectroscopy follow-up. 
The stability of the photometric zero-points through the night was tested from 
the different science exposures and found to be consistent to"-- 3%. 
Kron Magnitudes 
To derive colours, we convolved the r and i images with a Gaussian blur to the 
worst seeing (in the g band) and then used the same photochromes to find the 
magnitudes in all objects. We adopted s Extractor MAG_AUTO magnitudes which 
are an approximation to a total magnitude based on a flexible elliptical aperture 
and have low uncertainties and systematic errors at faint magnitudes. From the 
object's second-order moments of the light distributions the ellipticity and posi-
tion angle (widths for a bivariate Gaussian) are computed; then, an ellipse, some 
constant times these widths, is used as an aperture (cj Kron 1980). For unsat-
urated sources, the systematic errors of MAG_AuTo magnitudes are significantly 
lower than the 1 cr uncertainties. These in turn decrease from 0.3 magnitudes at 
the 50% completeness limit to 0.1 magnitudes at 2 magnitudes brighter than the 
6http://www.ast.cam.ac.uk/-dwe/SRF/camc.html 
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Figure 3 .8: Photometric comparison between WFI and 2QZ B and R magnitudes 
for the same bright quasars. Variability is thought to be the main cause of the 
discrepancies, in which case the QSO class would not be an adequate benchmark to 
test our photometry. 
completeness limit. Moreover, it has been shown that MAG_AuTo contain a con-
stant fraction of the flux from the object independently of its brightness (Bertin & 
Arnouts 1996 and references therein) . The comparison with S" circular aperture 
photometry yielded a mean systematic offset of < 0.05 magnitudes. Given other 
uncertainties and that our main objective were colours, we neglected this correc-
tion and for all further studies we used total Kron magnitudes as given by the 
M A G_ AUTO parameter. 
Photometric Checks 
To test the accuracy of our photometry, we have produced figure 3 .8, which shows 
the differences in B and R magnitudes for the same bright quasars as detected by 
WFI and the 2QZ survey (see tables 3.4 and 3 .12) . We see that , on average, WFI 
magnitudes are (M3) '::::' 0.49, (M ) '::::' 0.24 magnitude fainter. Although the sample 
comprises only 7 objects, the differences are large enough as to make the discrep-
ancy significant. This could be a sign that a) the WFI photometry of bright point-
like sources is not accurate; b) the WFI photometry of quasars is sufficiently deep 
as to be contaminated by the glare of the host galaxies ; or that c) asos are variable 
sources . 
The third case seems to be the most influential as the AGN class is known to 
be highly variable on all timescales . For instance, our LDSS 2 observations yielded 
several high quality spectra for optical counterparts to x-ray sources which we a 
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Figure 3. 9 : B-band differential number counts compilation. The big black dots 
are the data points from the galaxies in the GSGP4 field (converted to the standard 
passband using the colour equations provided in the text) . The models shown are 
discussed in Metcalfe et a!. (200 1) . 
priori deemed, on basis of preexisting photometry, too faint to be detected with the 
given exposure times (and vice versa; see§ 3.4). From this we concluded that large 
optical variability exists in our samples; this variability could plausibly be reflected 
in figure 3.8. The second case, when oso magnitudes are contaminated by light 
from host galaxies , seems to occur in one object (GSGP4CH 083 ). which s Extractor 
on WFI frames detects as an extended source ( cLAss _ sTAR= 0.03) . 
That the WFI photometry of bright point- like sources is not accurate seems un-
likely on views of figure 3. 9. It shows the differential number counts of galaxies in 
the GSGP4 field and compares them with various results published in the literature 
(Arnouts et al. 1999; Bertin & Dennefeld 1997; Jarvis & Tyson 1981 ; Jones eta!. 
1991; Koo 1986; Metcalfe eta!. 2001, 1998, 1995a,b, 1991; Stevenson et al. 1986) 
and with the evolutionary models of Metcalfe et al. (2001) . Over a span of almost 
10 magnih1des, we find that our number counts agree very well with the results 
from other teams and with the models which allow for some evolution . This plot 
tests the magnitudes of the fainter extended population but we can not find any 
reason why the photometry for bright point-like sources should be less accurate. 
The favourable comparison of our n(B) with the rest of the results reassures us of 
the reasonability of our photometry. 
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Table 3.4 presents the catalogue of crosscorrelated Chandra-WFI sources m the 
GSGP4 field. 
Table 3.4: WFI counterparts to Chandra sources in (;SGP4. 
Chandra JD 
GSGP4CH 001 
GSGP4CH_ 002 
GSGP4CH_005 
GSGP4CH 011 
GSGP4CH 012 
GSGP4CH_014 
GSGP4CH 015 
GSGP4CH_025 
GSGP4CH_026 
GSGP4CH_029 
GSGP4CH 031 
GSGP4CH_ 033 
GSGP4CH_034 
GSGP4CH 036 
GSGP4CH 039 
GSGP4CH_ 040 
GSGP4CH 041 
GSGP4CH_043 
GSGP4CH 048 
GSGP4CH 050 
GSGP4CH 053 
GSGP4CH 058 
GSGP4CH 068 
GSGP4CH 069 
GSGP4CH_070 
GSGP4CH 071 
GSGP4CH_072 
GSGP4CH 073 
GSGP4CH_075 
GSGP4CH_076 
GSGP4CH_077 
GSGP4CH_083 
GSGP4CH_084 
GSGP4CH_085 
GSGP4CH_086 
GSGP4CH 087 
DEC" 
14.320066 -27.357971 
14.332558 -27.343382 
14.254095 -27.393167 
14.352496 -27.725599 
14.384881 -27.705395 
14.335690 -27.747965 
14.322544 -27.710306 
14.431883 -27.549817 
14.402968 -27.551188 
14.416371 -27.524444 
14.389206 -27.525201 
14.380306 -27.552380 
14.378663 -27.533985 
14.372007 -27.511977 
14.354435 -27.533600 
14.352038 -27.533598 
14.386473 -27.501764 
14.437911 -27.489257 
14.342779 -27.531282 
14.355330 -27.508008 
14.395581 -27.474564 
14.321142 -27.558053 
14.480424 -27.400231 
14.455624 -2 7.390164 
14.454167 -27.376559 
14.505654 -27.374986 
14.499644 -27.357176 
14.493527 -27.385409 
14.514680 -27.359569 
14.480860 -27.332369 
14.440999 -27.335585 
14.523928 -27.834794 
14.560893 -27.834283 
14.426543 -27.842238 
14.530714 -27.794584 
14.499433 -27.792735 
Separationb 
0.4 
0.4 
0.7 
0.3 
1.3 
1.1 
0.2 
1.7 
1.6 
1.2 
0.4 
1.5 
0.9 
0.3 
1.1 
0.6 
0.9 
1.7 
1.6 
1.5 
0.4 
0.9 
1.9 
0.8 
1.4 
1.5 
1.4 
1.2 
1.8 
0.6 
0.8 
1.1 
1.7 
1.1 
1.1 
1.4 
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22.49 21.81 20.48 0.42 
26.13 25.94 24.08 0.43 
24.44 23.67 22.82 0.43 
27.33 24.94 22.39 0.53 
24.56 23.55 22.47 0.66 
25.39 23.96 22.78 0.42 
24.38 22.69 21.1 0.35 
24.5 7 23.42 23.17 0.51 
20.48 19.28 18.39 0.03 
25.27 26.51 23.88 0.41 
21.82 20.28 19.21 0.08 
26.15 25.06 23.71 0.53 
20.96 20.22 19.57 0.93 
22.23 21.97 21.1 0.94 
24.02 24.29 22 58 0.46 
19.16 18.71 18.24 0.95 
24.3 7 22.31 20.84 0.42 
22.47 22.02 21.65 0.83 
25.92 23.85 23.42 0.42 
24.86 23.36 22.73 0.34 
18.79 18.34 17.77 0.93 
23.98 23.33 22.43 0.53 
20.83 19.73 18.79 0.04 
25.22 23.88 23.13 0.39 
23.45 21.7 3 20.08 0.3 7 
23.75 22.38 21.02 0.44 
15.83 14.77 14.04 0.91 
24.72 25.05 23.03 0.47 
19.45 18.36 17.48 0.03 
24.47 22 98 21.52 0 . .15 
23.63 22.6 21.55 0. 71 
20.63 19.71 18.88 0.03 
21.47 19.81 17.55 0.98 
22.48 21.77 21.24 0.9 
23.63 23.04 22.26 0.71 
19.4 19.07 18.47 0.81 
(continues ... ) 
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Table 3.4: WFI counterparts to Chandra sources in GSGI'4 (continued). 
Chandra ID DECa 
GSGP4CJ-I_089 14.536883 -27.771386 
GSGP4CH_090 14.619046 -27.509532 
GSGP4CH_092 14.605830 -27.542745 
GSGP4CH_093 14.583153 -27.482217 
GSGP4CH_094 14.578471 -27.493356 
GSGP4CH_095 14.575705 -27.480109 
GSGP4CH_101 14.547725 -27.443313 
GSGP4CH_103 14.609910 -27.410403 
GSGP4CH 104 14.558385 -27.430544 
GSGP4CH_105 14.530384 -27.453659 
GSGP4CH_106 14.553446 -27.419610 
GSGP4CJ-I_108 14.503711 -27.461260 
GSGP4CJ-I_109 14.577699 -2 7.398860 
GSGP4CH_110 14.571926 -27.393763 
GSGP4CJ-I_112 14.650649 -27.838167 
GSGP4CH_113 14.647320 -27.811501 
GSGP4CH_114 14.684348 -27.815560 
GSGP4CH 115 14.662463 -27.787845 
GSGP4CH_116 14.660509 -27.788179 
GSGP4CH 117 14.716091 -27.799448 
GSGP4CH_120 14.585666 -27.798879 
GSGP4CH 121 14.592266 -27.761545 
GSGP4CH_123 14.558595 -27.811132 
GSGP4CH_125 14.640542 -27.733538 
GSGP4CH_99001 14.323124 -27.438469 
GSGP4CH_99008 14.437911 -27.489257 
GSGP4CI1_99016 14.292939 -27.831978 
GSGP4CH_99018 14.477366 -27.513566 
GSGP4CH_99019 14.445392 -27.593555 
GSGP4CH 99020 14.429094 -27.633832 
GSGP4CH 99021 14.595727 -27.671258 
• WFI positions; J2000. 
Separationb 
1.3 
1.7 
0.5 
0.5 
0.4 
0.6 
0.5 
0.9 
0.5 
0.4 
1.2 
1.2 
0.6 
1.8 
0.6 
0.6 
1.3 
0.9 
1.1 
0.7 
1.9 
0.7 
1.2 
1.1 
1.4 
1.6 
1.2 
1.0 
1.8 
1.1 
1.2 
g r 
22.16 21.62 20.94 
21.75 21.04 19.89 
23 97 22.97 22.45 
21.66 20.5 19.67 
22 48 21.83 21.15 
20.74 20.28 19.49 
20.17 19.96 19.51 
20 18.73 17.81 
20.54 20.33 19.8 
23.87 23.38 21.7 
26.08 23.99 22.19 
22.38 21.86 20.75 
25.44 24.39 23.21 
24.06 23.58 23.13 
22.02 21.33 20.5 
22.24 21.62 20.67 
25.01 24.32 23.21 
26.34 23.91 22.59 
24.18 23.47 22.32 
21.8 20.39 18.94 
22.64 22.19 21.65 
25.65 24.22 22.62 
24.52 23.39 22.49 
22.82 22.39 21.79 
22.17 21.84 21.18 
22.47 22.02 21.65 
21.2 7 20.6 20.08 
21.87 20.91 19.86 
23.63 22.6 21.67 
21.52 20.97 20.4 
14.66 14.43 14.11 
b Angular separation between Chandra and WFI counterpart, in acrseconds. 
c sExtractor stellarity index, with 0 meaning extended and I pointlike. 
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Figure 3.10 : Distribution of the WFC ccos on the focal plane. 
3. 2 Wide Field camera 
The Wide Field Camera (WFC) is a wide-field ceo imaging mosaic used at the prime 
focus of the 2.5 m Isaac Newton Telescope (INT; at the Observatorio del Roque 
de los Muchachos, La Palma) . 7 It comprises an autoguider and four thinned EEV 
2048 x 4096 13 .5 micron pixel ccos (pixel scale of 0.333"pixel - 1) , each covering an 
area of 22.8' x 11.4' on the sky for a total sky coverage of 0.29 deg2 per exposure. 
Its unconventional layout can be seen in figure 3.1 0, which shows the WFC in the 
prime focus. 
Almost 4 and 6 ks, split into 600 and 720 s frames, were dedicated on the nights 
of the 8111-91h May 2000 to observe the F864 field (centred on a = 1311 41111 10"' , 8 = 
00°08'39", J2000) with the Harris Rand Sloan i filters, respectively (see table 3.5 on 
the next page). This data is complemented by WFC observations in the same field in 
the B-band by 5. Croom at the AAO . Other exis ting imaging and photometry in this 
region includes the multiband data of the Sloan survey (u > 22, b > 22 .2, r > 22.2, 
i > 2 1.3 and z > 20.5; see§ 3.6.3). This, coupled with the fact that /-band imaging 
data reduction has not yet been attempted, has limited the usage of the WFC data 
in this thesis . 
3.2.1 WFC Data and Reduction Analysis 
Data reduction was undertaken only for R-band frames . Given that the reduction 
steps were the same as for AAT's WFI (except that dark current was ignored), to 
avoid repetition we will comment only on those aspects which are substantially 
7http : // www.ing.iac . es 
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Table 3.5: Journal of the WFC observations of the F864 field on 81"-91" May 2000 . 
DEC" Band Exposureb 
1311 41m 10' 
1311 41m 10' 
00° 08'3911 
00° 08'39" 
R (Harris) 
i (Sloan) 
"Nominal pointing, B1950. 
blntegration time, in seconds 
rcoverage, in square degrees 
3840 
6000 
dseeing: full width at half maximum, in arcsec 
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Figure 3.11: The WFC comprises four 4 k x 2 k ccos for the science array plus 
a thinned 2 k x 2 k ceo for use as a dedicated frame transfer autoguider. The 
solid circle marks the unvignetted region while the dashed circle marks the 0.5 
vignetting limit . 
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different or that deserve particular remark. Resources of the INT Wide Field Survey 
(WFS), publicly available at their website8 , have been very useful. 
Flat Fielding 
The solid circle in figure 3.11 shows that ceo #3 suffers from important vignetting 
over one corner. Although the flatfielding raises the mean counts to those of the 
whole chip, due to the low signal, it does so at the expense of increased pixel-to-
pixel variation. This area is therefore not useful for object detection or photometry 
and a triangular region satisfying x + y <:::: 1200.00 was omitted from the analyses. 
Defrlnging 
A fringing pattern at the order of 0.5% arises in the flatfielded images (of about the 
same order of the RMS dark sky photon noise). Fringed sky-flats were constructed 
as described in§ 3.1.1 and then compared to the r_oct98_fringe.fits file from 
the INT WFS library of fringe flats; unfortunately this was the only fringe frame 
available in the library for our filter. However, the pattern seemed stable over such 
long time interval and very good agreement was found between both fringe flats. It 
was then decided to employ r_oct98_fringe. fits for all subsequent analysis (after 
trimming and redimensioning it to the standards of our frames). 
After optimally removing the zeroth order fringes the residual fringe pattern is 
negligible (less than 0.1% of sky). 
3. 2. 2 Astrometrv 
As most optical systems involving refractive elements, WFC does not have a uni-
form plate scale over the field. The barrel distortion is severe and it can produce 
offsets amounting to a differential effect up to 10 11 • A solution measured by Star-
link staff Peter Draper and Mark Taylor in conjunction with David Gilbank was 
applied which produced internal astrometric calibration at the level of,..._. 0.7 ". 
3.3 WH DF Imaging 
To probe the evolutionary history of galaxies back to their formation epoch, Dur-
ham leads an ultradeep imaging project using ground-based telescopes. The obser-
vations are focused on a single field of very low column density (nH ;S 2.7-1020 cm-2 ) 
which is known as the William Herschel Deep Field (WHDF). Its location in the 
constellation of Pisces in the celestial equator makes it a feasible target from ob-
servatories in both hemispheres. It has been the subject of an extensive observing 
campaign from optical to infrared wavelengths, reaching depths of U ""'27, B""' 28, 
R""' I""' 26, H ,..._. 22.5 and K ,..._. 20 over 50 arcmin2 (Metcalfe et al. 2001; McCracken 
et al. 2000); table 3.6 on the following page provides the photometric details. 
8 http://www.ast.cam.ac.uk 
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Table 3.6: Photometric limits of the WHDF. 
Band Exposure• Magnitudcb Arear FWiiMd ·telescope 
u 34 26.8 46.4 1.35 w11r 
B 28/ - 28.2/27.9/26 2.8/ 46.8/ 256 1.3 WilT 
R 8/ - 26.3 256 1.5 WilT 
5/ - 25.6/23.8 52.2/256 1.2 WilT 
z 23 256 
H 14 22.75 so Calar Alto 
K 1.0/ 30 20/22.75 47.2/1.8 LIKIRT/ Calar Alto 
"Integration lime, in hours 
b3a limit 
rcoverage, in square arcminutes 
dFull width at ha lf maximum, in arcsec 
Figure 3.12: Central 16' x 16' Herschel Deep Field true colour image, formed by 
mapping B, R and I images into blue, green and red respectively. Photometry 
reaches B ::::= R ::::= 26 and I ::::= 24. 
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With photometric magnitude limits comparable to the Hubble Deep Fields, the 
WHDF is one of the deepest ground-based surveys. And, although much worse 
seeing conditions impose limits on morphological studies, it covers a five times 
bigger area of the sky than the two HDFs combined. Recently, it has been extended 
to a 16 x 16 arcmin2 area in the bands B (;S 26), R (;S 26), I (;S 24) and Z (;S 23) to 
match the 75 ks Chandra ACIS-1 exposure. Many counterparts have been found 
within a 2" radius from the x-ray sources. These are listed in table 3.7. 
Table 3.7: Optical counterparts to Chandra sources in the WIIDF. 
Chandra ID R IDa RAb DECb R B-R R-1 R-Z SIC 
WHDFCH003 07964 00:22:39.243 00:20:35.84 23.56 0.73 0.54 1.06 5 
WHDFCH004 10237 00:22:38.029 00:21:38.64 23.99 1.00 0.93 1.49 5 
WHDFCH005 07927 00:22:35.963 00:18:50.04 20.43 0.33 0.38 0.52 0 
WHDFCH006 12165 00:22:32.584 00:23:2 7.84 19.31 1.65 0.76 1.13 7 
WI-IDFCH007 07444 00:22:24.821 00:20:10.94 22.63 0.99 0.89 1.47 5 
WHDFCHOOB 07475 00:22:22.884 00:20:13.24 24.02 0.53 0.54 5 
WHDFCI-1009 06123 00:22:41.892 00:18:11.44 25.36 5 
vVI-IDFCI-1010 12178 00:22:29.053 00:23:25.14 22.33 1.32 0.94 1.56 5 
WI-IDFCI-1011 09672 00:22:21.040 00:22:02.14 20.49 0.99 0.40 0.61 7 
WI-IDFCI-1012 10480 00:22:49.660 00:20:41.84 24.04 1.18 1.92 5 
WHDFCI-1013 08328 00:22:49.455 00:20:05.54 24.73 0.66 2.18 5 
WHDFCH014 08222 00:22:49.414 00:20:15.94 21.29 0.84 0.21 0.48 5 
WI-IDFCI-1015 10481 00:22:48.004 00:21 :01.04 23.97 1.84 0.89 1.78 5 
IYHDFCHO 16 05971 00:22:45.164 00:18:22.64 20.77 0.52 0.50 0.65 2 
WI-IDFCH017 05964 00:22:44.468 00:18:25.64 19.34 0.50 0.53 1.02 0 
WI-IDFCHOJB 12895 00:22:44.458 00:23:04.04 26.53 5 
WI-IDFCH019 06031 00:22:44.281 00:17:48.54 23.78 0.79 0.47 1.29 5 
WI-IDFCH020 12403 00:22:36.142 00:24:33.84 21.43 0.79 0.70 1.07 5 
WHDFCH021 12230 00:22:31.059 00:24:41.24 24.50 0.80 0.74 5 
WI-IDFCH023 05089 00:22:24.109 00:17:52.74 23.60 0.40 0.29 1.19 5 
WI-IDFCH024 05110 00:22:18.945 00:18:33.14 24.24 0 56 5 
WHDFCH025 10660 00:22:51.170 00:21:47.84 18.75 2.00 0.76 1.08 7 
WHDFCH026 06199 00:22:48.331 00:18:35.54 25.68 5 
WI-IDFCI-1029 03089 00:22:30.037 00:16:14.14 22.43 1.09 0.98 1.51 5 
(continues . . . ) 
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Table 3.7: Optical counterparts to Chandra sources in the WIIDF (continued). 
Chandra ID R 8-R R-1 R-Z SIC 
WHDFCHOJO 
WHDFCH03.2 
WHDFCH034 
WHDFCH036 
WHDFCH037 
WHDFCH038 
WHDFCH039 
WHDFCH042 
WHDFCH044 
WI-IDFCH045 
WHDFCH047 
WHDFCH048 
WHDFCH049 
WHDFCH051 
WHDFCH052 
WHDFCH054 
WHDFCH055 
WHDFCH056 
WHDFCJ-1057 
WHDFCJ-1060 
WHDFCH061 
WHDFCH062 
WHDFCJ-1065 
WHDFCJ-1066 
WHDFCH067 
WJ-IDFCJ-1070 
WHDFCH071 
WHDFCJ-1074 
WHDFCH075 
WHDFCJ-1076 
WHDFCH080 
WHDFCH082 
WJ-IDFCH083 
WHDFCH085 
WHDFCH086 
WHDFCJ-1088 
WHDFCJ-1089 
WHDFCH090 
05119 00:22:24.699 00:16:39.64 24.39 
12846 00:22:47.544 
03420 00:22:37.648 
14428 
03147 
02779 
11943 
00:22:31.734 
00:22:25.798 
00:22:23.442 
00:22:20.468 
00:23:54.24 
00:15:55.44 
00:25:38.84 
00:16:14.24 
00:16:02.44 
00:24:10.44 
25.48 
24.11 
21.00 
24.12 
20.76 
23.85 
07223 00:22:13.249 00:19:53.44 23.59 
10665 00:22:55.092 00:20:55.74 
06414 00:22:51.450 00:17:24.54 
14980 00:22:45.142 00:24:59.24 
14697 00:22:41.297 00:25:33.34 
20.15 
2.5.33 
20.89 
22.20 
14844 00:22:40.278 00:25:48.64 25.35 
14604 
03081 
07275 
07196 
08634 
10807 
03073 
02769 
18678 
13982 
04771 
00:22:33.469 
00:22:33.339 
00:22:12.351 
00:22:11.862 
00:22:55.779 
00:22:56.711 
00:22:28.453 
00:22:25.402 
00:22:58.733 
00:22:17.194 
00:22:11.953 
00:26:03.14 
00:15:04.84 
00:18:48.84 
00:19:50.44 
00:18:54.64 
00:21:57.94 
00:15:01.94 
00:14:55.54 
00:19:48.14 
00:24:59.64 
00:18:17.14 
25.74 
21.73 
24.44 
21.41 
24.98 
25.32 
20.50 
18.63 
25.23 
22.43 
21.72 
0.42 
0.47 
1.14 
0.96 
2.26 
2.04 
1.15 
0.58 
1.21 
1.76 
2.47 
1.46 
1.63 
1.34 1.92 
0.45 
0.71 
0.13 
1.46 
0.88 
0.19 
2.16 
0.99 1.20 
1.04 
1.15 
0.41 
0.36 
0.90 
0.81 
0.85 
0.48 
0.91 
1.60 
1.56 
0.79 
0.67 
1.18 
1.14 
1.23 
0.49 
1.14 
04836 00:22:11.801 00:18:36.14 23.91 0.61 0.27 
09422 00:22:10.445 00:20:51.74 22.91 1.11 1.50 
06276 00:22:53.293 00:16:59.59 18.43 1.73 0.70 1.00 
15103 00:22:44.137 00:26:20.74 24.47 1.43 2.29 
14805 00:22:36.772 00:26:39.74 24.94 0.43 
16745 00:22:32.679 00:27:02.24 24.55 0.91 
09136 00:22:08.772 00:21:59.34 14.76 1.70 0.72 1.12 
11255 00:23:00.826 00:20:48.64 25.80 
06600 00:22:58.865 00:17:54.84 23.16 1. 73 0.94 1.64 
10925 00:22:58.481 00:22:28.74 21.78 1.25 0.54 0.56 
13020 00:22:57.193 00:24:03.44 24.42 
15311 
04097 
03630 
00:22:51.555 00:25:25.94 
00:22:50.304 00:15:24.04 
00:22:48.795 00:15:18.74 
23.99 
25.71 
20.03 0.63 
0.46 
1.36 
0.22 
2.18 
0.31 
5 
5 
5 
2 
5 
2 
5 
5 
0 
5 
5 
5 
5 
5 
5 
5 
2 
5 
5 
7 
7 
10 
5 
5 
5 
5 
7 
5 
5 
5 
7 
5 
5 
5 
5 
5 
5 
0 
(continues ... ) 
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Table 3. 7: Optical counterparts to Chandra sources in the WllllF (continued). 
Chandra ID RID" RAb DECb R B-R R-1 R-Z SI.-
WHDFCH094 17057 00:22:35.654 00:27:06.44 24.90 5 
WHDFCH095 16698 00:22:29.883 00:27:19.64 23.56 1.14 0.61 5 
WHDFCH097 16624 00:22:22.392 00:26:49.94 25.80 5 
WHDFCH098 14134 00:22:15.477 00:25:45.54 26.09 5 
WHDFCH099 11642 00:22:11.187 00:24:04.13 20.17 0.58 0.38 0.62 0 
WHDFCH101 09222 00:22:06.008 00:21:15.54 24.61 0.20 5 
WHDFCH102 15058 00:22:47.171 00:26:36.74 24.09 0.76 5 
WHDFCH104 16930 00:22:39.373 00:27:33.94 19.70 1.39 0.46 0.82 7 
WHDFCHIOB 02525 00:22:13.432 00:15:37.94 21.57 2.44 1.46 1.90 2 
WHDFCH109 02516 00:22:09.917 00:16:28.94 18.14 0.34 0.29 0.30 0 
WHDFCH110 11360 00:22:07.433 00:23:07.74 20.94 1.56 1.03 1.40 5 
WHDFCH113 08779 00:23:01.247 00:19:18.01 20.95 0.40 0.07 0.34 2 
WHDFCH116 17194 00:22:3 7.520 00:27:46.94 25.54 5 
WHDFCH117 18463 00:22:35.536 00:13:24.64 24.65 0.72 10 
WHDFCH119 02551 00:22:14.321 00:15:06.14 23.34 0.78 0.44 1.07 5 
WHDFCH122 06813 00:23:02.211 00:17:50.74 25.70 5 
WHDFCH123 06644 00:23:00.662 00:17:15.94 24.06 0.77 5 
WHDFCH13.2 18459 00:22:29.772 00:13:25.54 25.18 10 
WHDFCH135 18688 00:22:02.317 00:21:32.24 25.28 10 
WHDFCH136 18826 00:23:03.603 00:22:42.34 24.48 10 
WHDFCH137 01520 00:22:48.556 00:13:43.94 23.44 0.94 1.54 5 
WHDFCH138 15527 00:22:59.139 00:25:27.84 21.36 0.96 0.45 5 
WHDFCH141 01746 00:22:50.369 00:13:17.00 24.50 0.77 5 
WHDFCH142 01762 00:22:53.111 00:14:09.64 24.60 0.59 5 
WHDFCH150 13763 00:22:06.679 00:25:37.14 21.52 1.55 0.60 5 
WHDFCH167 06148 00:22:4 7.488 00:17:11.54 25.37 5 
WHDFCH170 01867 00:22:50.672 00:13:16.84 25.68 5 
WHDFCH173 04722 00:22:03.724 00:17:28.59 25.94 5 
WHDFCHN2sD 09916 00:22:31.872 00:21:27.02 16.07 1.35 0.68 1.00 7 
WHDFCHN2sD_2 08217 00:22:47.232 00:18:58.36 20.22 1.72 0.70 1.03 7 
WHDFCHN2sD 5 05452 00:22:32.110 00:18:10.44 24.91 5 
a Identification in the R band (16' X 16'). 
b Chandra positions; J2000. 
c Stellarity index. 0: stellar-like; 2: probably stellar-like; 5: probably extended; 7: extended; 
10: unknown. 
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3.4 LDSS2 Spectroscopy 
In November 2001 and September 2002 we carried out spectroscopic follow-up ob-
servations of the x-ray sources in the GSGP4 and WHDF fields using LDSS2 slit-masks 
on the Baade 6.5 m telescope (Magellan-1 at the Observatorio de Las Campanas). 9 
The Low Dispersion Survey Spectrograph (LDSS2) is a multi-aperture mask spec-
trograph that can also act as an imager provided that no masks or grisms are 
mounted. The way it operates is by focusing the input light onto the mask which, 
after passing through the various apertures (slits) cut in it, enters a collimator be-
fore meeting either a filter and/or a grism. Finally, the light is then focused by the 
camera onto the detector with a final equivalent focal ratio off /2. 
Each mask covers an area on the sky of 6.5 1 x 5 1 and an average field has space 
for about 25 spectra (space density of ,..., 2000 deg-2 ). At typical exposure time 
constraints of less than two hours per mask, the sources to be observed had to be 
brighter than g c::- 23. At this magnitude limit, the mean x-ray source density in the 
GSGP4 field is rv 300 deg-2 and in the WHDF is rv 600 deg- 2, significantly lower that 
the optimum of,..., 2000 deg-2 . The different amount of optical work undertaken in 
each field demanded a different observational strategy for each of the two fields. 
In both cases, though, given that our main scientific drive was to investigate the 
nature of the non-quasar population of the XRB, we targeted primarily non point-
like optical counterparts of the x-ray sources. For field GSGP4, with not much 
room to manoeuvre, we specifically looked for overdensities of bright extended 
sources in areas about the size of a mask. We selected two regions where we fitted 
eighteen and ten slits in the masks (see figures 3.13 and 3.14). For the WHDF the 
strategy was overall different and we combined x-ray counterparts with B: R: /-
selected red galaxies to undertake a parallel study of the evolutionary properties of 
intermediate-redshift (z ;S 0.5) bulge-dominated galaxies (see chapter 5). 
In total we targeted twenty x-ray sources in 2001 (all in the WHDF) and twenty-
eight/sixteen in 2002 ( GSGP4/WI-IDF). A further ninety-two B- R > 1.6 galaxies in 
the WHDF were observed as vart of the evolutionary studies of early-type galaxies. 
We positioned the slits at the centre of the optical counterpart in the vast majority 
of sources where an optical counterpart was found unambiguously. However for 
a few x-ray objects where doubts were cast on the real optical counterpart (more 
than one optical counterpart within 2" of the x-ray source) the slits were centred 
on the x-ray position. We used 211 wide slits and the 300 linesmm- 1 grating blazed 
at 500 nm (Med/Blue), which gives a wavelength resolution of approximately 13 A 
and a wavelength range of about 500 nm of coverage. This depends on the exact 
position of the slit on the mask, but it is generally from "'400 to 900 nm. No filter 
to block unwanted second spectroscopic order was used. 
The slit masks on GSGP4 were observed for 2.5 hr and 1 hr, broken into five sets 
of 1h hr exposures and four sets of 1j4 hr, respectively. Masks on the WHDF had 
9 http://www.lco.cl 
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Figure 3 .13: Finding chart for the two regions in field GSGP4 observed with 
Magellan-1 / LDSS2 in September 2002. Mask 1 is centred at a = oo" 57111 30.32s, 
8 = - 27° 31'05.0" and mask 2, at a = oo" 58111 20.91', 8 = -27° 27'40.0" (J2000). 
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Figure 3.14: Slit masks employed in the September 2002 LDSS2 run. From left 
to right, top to bottom, we have the masks labelled GSGP4-1, GSGP4-2, WHDF-1, 
WIIDF-2, WHDF-5, WHDF-6. 
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varying amounts of exposure time, ranging from 1 hr the least exposed to 4 hr the 
deepest. Conditions were photometric with seeing "'0.6- 0.8" FWHM. Table 3.8 on 
the following page gives the relevant details. 
We successfully obtained redshift identifications for 45 objects of the 64 x-rays 
sources in our sample and for 65 of the B- R > 1.6 galaxies. It turned out that we 
obtained many spectra of x-ray counterparts which WFI and the WHT detected as 
very faint sources, implying large optical variability in our sample. 1able 3.9 on 
the next page displays a break-down of the number of different types of optical 
counterparts found with LDSS2 spectroscopy; the reader is referred to appendix A 
for full details. 
3.4.1 LDSS2 Data and Reduction Analysis 
Spectra acquired in 2001 were reduced by P. Outram. For the 2002 data, detector 
signatures were reduced following the basic steps outlined in § 3.2.1. The main 
differences with the process described therein have to do with the different nature 
of data being dealt with (i.e., now including projector flats; fringing is no issue in 
spectroscopy; etc.). 
The data had any De-offset removed by overscanning and zero-correcting with 
a master zero frame constructed from medianing 140 frames. Non-linear pixels 
were flagged constructing a bad pixel map, obtained by dividing 5 long-exposure 
(high intensity; rv 32 kcountss~l) dome flats properly averaged together with IRAF 
task flatcombine into a long-flat frame, over a short-flat frame obtained from 25 
short -exposure (low-intensity; "'700 countss~ 1) dome flats, also properly scaled and 
averaged together. The mask itself, in pixel-list format, was built with the routine 
ccdmask from the nmisc bundle (cr = 8 seemed reasonable), and it was applied to 
the science frames after flat fielding to interpolate over bad pixels. This step was 
executed immediately before combining all the science frames of the same field to 
produce the final reduced images, such as that shown in figure 3.16 on page 96. 
Flat Fielding 
The flat fielding process was slightly more involved than in the standard imaging 
case. Unfortunately, as comparison between twilight and dusk flats showed, the 
masks move slightly during telescope operation and therefore are not combinable. 
It would have been ideal, then, to use sky flats taken before and after the ex-
posure, but we do not always have enough of those to combine, so a different 
approach was taken. Instead of using many flats, we corrected for inaccuracies 
in the cutting of slits by making 1-dimensional flats. That is, we sliced every flat 
taken immediately after or before the science frame into single columns and then 
we averaged a few of those where the signal is highest. This was done in the 
following way: i) irnslice copied individual columns from the flats taken imme-
diately before or after the field spectra to a temporary directory. To optimise time 
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Table 3.8: Journal of the LDSS2 observations of the WHDF and GSGP4 fields m 
September 2002. 
Mask DECa Exposureb FWHMc # Slitsd 
GSGP4-1 ooh 57"' 30.32' -27°31 1 05.011 
GSGP4-2 001' 58"' 20.91' -27° 27' 40.0" 
WHDF-1 ooh 22"' 36.00' 00° 25' 30.0" 
WHDF-2 ooh 22"' II.OO' 00°21 1 00.0" 
WHDF-31 ooh 22"' 56.00' 00° 23' 25 .0" 
WHDF-5 oo" 22"' 23.00' 00° 24' 10.0" 
WHDF-6 o<Y• 22"' so.oo' 00° 19' 00.0" 
a Nominal pointing, J2000. 
blntegration time, in hours 
3.5 
1 
3 
4 
rseeing: full width at half maximum, in arcsec 
dNumber of slits in the mo.:;k 
'Date of the observations, of September 2002 
fcorrupted data 
Run BLAGN 
2001 (WI-IDF) 7 
2002 (WI-IDF) 7 
2002 (GSGP4) 8 
Total 22 
NLXG 
6 
3 
4 
13 
0.6 18 
0.6 10 
0.8 26 
0.7 23 
0.9 24 
1.1 18 
1.0 23 
ALG Stars 
2 0 
3 0 
4 1 
9 1 
Date< 
gth_9th I II th_ 12rh 
121h-131h 
IJ'h-121h 
gth_9th 
13'h-J4'h 
9'h-10th 
121h-J3' 11 
Table 3.9: Counterpart type break-down of Chandra sources, as obtained with 
LDSS2 in the WHDF and GSGP4 fields during the follow-up campaigns of 2001 and 
2002. The objects have been divided amongst broad-line quasars, emission-line 
galaxies, absorption-line galaxies and Galactic stars. 
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Figure 3.15: Not an abnormally active Sun, but a flatfield of the LDSS2, showing 
defects and many dust speckles. 
and efficiency we selected only the sixty columns around the centre of the chip; 
these columns have the highest signal and, thus, will give the optimal results for 
our purposes. ii) We combined the sixty columns into a master 1-dimensional flat 
which was then iii) expanded again to the two-dimensional size of a normal im-
age and used individually for every field spectra. The expansion process was done 
again in three substeps: first, imstacking the 1-d image into a 2-d image; second, 
we imtransposed so that the 2-d line becomes a 2-d column; third, we blkrepeated 
1630 times across the x direction the 2-d column to have a flat of the same size as 
the object frames. 
3.4.2 LDSS2 Extraction and Calibration Analysis 
For the extraction and calibration of the slit spectra, we used throughout rou-
tines within the noao-imred-specred-apall package of IRAF, which conveniently 
consolidates in a single task all the routines and associated parameters required for 
extracting spectra. 
The first steps towards reducing the data were setting the parameters controlling 
the extraction aperture and the background windows; this was done interactively 
with apall, modifying default parameters in the aperture editor. Due to optical and 
The evolution of galaxies and AGN from deep x-ray and optical surveys 
CHAPTER 3. OPTICAL FOLLOW-UP OF CHANDRA SOURCES 3.4. LDSS2 SPECTROSCOPY 
Figure 3.16: LDSS2 mask #1 on the GSGP4 field after removing the detector 
signature from the data. The dispersion axis goes along rows and the spatial 
axis, along columns. We note that the background sky spectrum is dominated by 
strong night-sky emission lines. 
mechanical distortions and differential atmospheric refraction, the centre of the 
spatial profile shifts slightly with location along the dispersion axis and will not 
be perpendicular to the spatial axis . Therefore, we then needed to trace the centre 
of the profile as. a function of the dispersion axis . As the final extraction step, at 
each point along the dispersion axis we summed the spectra within the extraction 
window while at the same time subtracted the background sky. 
To wavelength-calibrate the spectra we extracted a 1-d spectrum from the arc-
frames using identical aperture and trace parameters used for the object spectrum 
we wanted to fix . From these comparison spectra we determined the dispersion 
solution with the task (re)identify. The solution found was then put to the object 
spectra with the help of dispcor. 
Sample spectra obtained with LDSS2 and reduced as described above are shown in 
figures 3 .17-3.22 on pages 97-102 . The complete catalogue for x-ray sources can 
be found in the spectro-photometric albums of appendix A. 
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Figure 3.17: LDSS2 spectra of x-ray sources in the WHDF (November 2001). 
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Figure 3 .18: LDSS2 spectra of x-ray sources in the WHDF (masks 1, 2, 5 , 6; Septem-
ber 2002) . 
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Figure 3.19: LDSS2 spectra of x-ray sources in the WHDF (mask 1) and GSGP4 (mask 
2) fields (September 2002). 
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Figure 3 .20: LDSS2 spectra of x-ray sources in the GSGP4 field (mask 1; September 
2002) . 
The evolution of galaxies and AGN from deep x-ray and optical surveys 
CHAPTER 3. OPTICAL FOLLOW-UP OF CHANDRA SOURCES 3.4. LDSS2 SPECTROSCOPY 
~-··· ~-·-- ...... -·-- -- .. . ..... ·-·•«1.-..(•.r:t, ••«•lt--~- .. 
-· . -----·-· .. --~ ....... . (o ~_,.-, • .J~:), , . .. I- o~l! ....... U 
. ... Jo .. t) ............ , 
.. ._, __ ...................... ---··· -··---~--~ -- -·-
.• ,., .... :•.:1.1:1. ·~""' ''" """' ""'••o:<t 
·-... -~ .... u ..... -~.1 
--....... -~·· .. ··· ... ~ .. ..... ___ ., ..... ~-- ·- -~-
, •. Joelll):.o o •. l<, l f:· •WI• 1 :a. •~:'!"1 .... ~, 
-~ 
~,~ 
., 
r'ol~ .wtl 
!/' 
•fJ_ .. J _____ L,_,,,_J.. 
____ .J_, _____ .J...__L, ____ l_____.l. 
·-. .......... ~ ..... h-·1 
Figure 3.21: LDSS2 spectra of red-selected galaxies in the WHDF (masks 1, 2, 5; 
September 2002). 
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Figure 3.22 : LDSS2 spectra of red-selected galaxies in the WHDF (from masks 5, 6, 
1; September 2002). 
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Chandra m bj Aperture Type Redshift 
F864CH003 21.63 57 QSO 2.34 
F864CH007 19.73 60 Ellip. 0.254 
F864CH014 20.63 125 QSO 1.48 
F864CH016 21.51 131 QSO 2.22 
F864CH020 20.56 129 QSO 2.02 
F864CH027 18.78 36 QSO 1.09 
F864CH032 21.26 33 Ellip. 0.326 
F864CH AI 17.5 49 Seyf. 0.073 
F864CH AS 20.22 46 Spir. 0.326 
F864CH A11 20.79 67 QSO 1.43 
F864CH BI 21.19 135 QSO 1.76 
F864CH B6 22.05 133 QSO 2.52 
F864CH B9 20.97 16 QSO 1.11 
F864CH CJ 17.47 32 Seyf. 0.087 
F864CH C3 14.97 24 Star 0 
F864CH C4 20.09 21 QSO 2.12 
F864CH C7 20.29 40 QSO 1.87 
Table 3.10: WYFFOS spectroscopy of Chandra objects in F864. The WYFFOS field, 
centred on 13h44m -ooo 15' (12000), was observed for 10800 seconds under~ 1.2" 
seeing conditions on 1 0 1h-11 th May 2002. 
3.5 WYFFOS 
As a complementary program to their project to investigate the slope of the faint 
osos number counts using soss u, g, r, i, z selected objects, A. Myers and T. Shanks 
observed a sample of Chandra sources on the F864 field with the WYFFOS spectro-
graph on the WHT10 on 101h-11 1h May 2002. Myers reduced the data and found 
that, out of the seventeen objects with available spectra, eleven were Qsos, two 
elliptical galaxies, two Seyfert galaxies, one a spiral galaxy and one a Galactic star. 
Table 3.10 shows the identifications and redshifts. 
3. 6 Public Databases and Surveys 
We have searched public databases to improve the number of optical counterparts 
to x-ray sources with known spectral type and redshift. This search has been very 
fruitful and has allowed gathering redshift information for eighty extra objects, 
mainly bright quasars. 
lOhttp://www.ing.iac.es 
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Figure 3.23: Offsets between NED and Chandra positions for the same nineteen 
objects from table 3.11, in arc sec units. 
3.6.1 NED 
The NASA/ IPAC Extragalactic Database (NED) 11 is built around a master list of well 
over seven million extragalactic objects for which cross-identifications of names 
have been established from large compilations and from the literature. It provides 
bibliographic references relevant to individual objects, accurate positions and red-
shifts, photometry and some other basic data collected. On February 2002 we 
pursued batch-mode searches of counterparts to Chandra sources in the field F864. 
Nineteen matches (out of sixty-nine candidates) were found; details are shown in 
table 3.11 on the following page. Figure 3.23 is a plot of their respective offsets in 
relation to Chandra positions. Unfortunately, similar searches for the WHDF and 
GSGP4 did not yield any further identification not previously found through other 
channels . 
11 NED is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract 
with the National Aeronautics and Space Administration. http: I /nedwww. ipac. cal tech. edu 
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"' 
,--! 
"' 
n X > ;;;· r-
Vl 
"T1 
"' 
F864CH003 RX 31343.4+0001 205.87178 0.02581 0.42 QSO 2.347 0 :::> 
r-Cl. 5 ,. F864CH005 F864:114, 2QZ 1134322.0+000009 205.84172 0.00283 0.73 QSO 1.976 0 ~ z 
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Figure 3.24: Offsets between 2QZ and Chandra positions for the objects from ta-
ble 3.12 in arcsec units. 
3.6.2 2dF surveys 
The 2dF Galaxy Redshift Survey (2dFGRS )12 and the 2dF Quasar Redshift Survey 
(2QZ) 13 are two integrated major spectroscopic surveys that took advantage of the 
capabilities of the 2dF spectrograph at the AAO to obtain, over an area of approxi-
mately fifteen hundred square degrees, spectra for rv 2.5 X 105, bj < 19.4 magnitude, 
galaxies and rv 2.5 X 104, bj < 20.85 magnitude, QSOS . 
The fields were selected from the extended APM Galaxy Survey in three regions: 
two 75° x 5° declination strips in the South Galactic Pole (SGP) and in an equatorial 
region at the North Galactic cap, and random fields scattered around the SGP strip. 
GSGP4 was therefore part of the 2dF surveys. However, given the limit of b1 = 
19.45 imposed on a survey covering such a large area, not many galaxies were 
found to match Chandra x-ray objects . On the other hand, ten quasars were found 
to be x-ray sources. This was expected on the grounds that quasars are powerful 
x-ray emitters and on the fainter survey limit for quasars of B = 21. The posi-
tional offsets between Chandra and 2QZ coordinates for these quasars are plotted 
in figure 3.24; a list with features such as their colours and redshifts is found in 
table 3.12 on the next page. 
12 http://magnum.anu . edu . au/-TDFgg/ 
13http : //www . 2dfquasar.org 
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Table 3.12: 2QZ counterparts to Chandra sources in GSGP4. 
Chandra 10 2QZ ID IAU name RAa DECa Separationb bj 
GSGP4CH003 2595 )005717.9-271831 00:57:17.90 -27:18:31.4 1.24 20.28 
GSGP4CH040 2584 J005 724.4-27 3201 00:57:24.48 -27:32:01.2 0.67 18.86 
GSGP4CH053 2589 3005734.9-272828 00:57:34.92 -27:28:28.3 0.22 18.42 
GSGP4CHOB2 2567 3005747.5-275412 00:57:47.51 -27:54:12.3 0.69 20.59 
GSGP4CHOB3 2571 )005805.7-275005 00:58:05.74 -27:50:05.5 1.32 20.4 
GSGP4CHOB7 2573 3005759.8-274733 00:57:59.82 -27:47:33.6 1.68 19.29 
GSGP4CH095 2588 )005818.1-272849 00:58:18.14 -27:28:49.0 1.24 19.91 
GSGP4CH101 2591 3005811.4-272636 00:58:11.41 -27:26:36.8 1.33 20.58 
GSGP4CH104 2621 3005813.9-272550 00:58:13.98 -27:25:50.8 1.33 20.07 
GSGP4CHNS3 _ 012 2526 3005622.5-272226 00:56:22.5 7 -27:22:26.5 2.53 20.15 
•2c1z positions; J2000. 
b Angular separation between Chandra and 2o.z counterpart in arcseconds. 
b-r u-b Type 
0.63 -0.53 Q.'iO 
0.36 -0.8 QSO 
0.37 -0.73 <1'i0 
-0.02 -0.79 QSO 
0.99 -0.68 Cl,'iO 
0.64 -0.93 <1'i0 
0.32 -0.73 <l'iO 
0.24 -0.84 QSO 
0.14 -0.09 mo 
0.03 0.01 050 
Redshift 
1.67 
1.22 
2.19 
1.28 
0.49 
1.64 
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Figure 3 .25: Offsets between 5055 and Chandra positions for the objects from ta-
ble 3 .13 in arc sec units . Fifty-one sources were found to match to better than three 
arcseconds. 
3.6.3 Sloan Digital Sky survey 
We correlated the Early Data Release (EDR ; Stoughton et al. 2002) of the Sloan 
Digital Sky Survey (5055) 14 with x-ray sources to identify optical counterparts in 
the WHOP and P864 . The 5055 will map half of the northern hemisphere, producing 
a detailed image of it and extensive photometric, spectroscopic and morphological 
information is stored for about a million galaxies and a hundred thousand quasars. 
This makes it the largest survey ever undertaken and a prime tool for astronomical 
studies . 
Although both fields are covered in the 5055 , the EDR did not include any spectra 
for a Chandra counterpart. Given that we had already very deep imaging and 
photometry in the WHOP spanning a range of filters , this meant that for this field 
the 5055 did not bring up any new information. For field P864 , on the other hand, 
the cross-correlation of Chandra and 5055 sources was very successful and yielded 
fifty-one matches (table 3 .13 and figure 3 .25) . Through its five colours, the Sloan 
data provides a plethora of information for each source and, for most practical 
purposes in P864, we have adopted their photometry. 
14 ht tp : //www. sdss .org 
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CD 
-o < 0 -1 
E m 
rt ;;o 
6' 
"" 
"' Chandra ID RAa DECa Separationb Type i b; 0 u g r z 0 -n 
<0 -o 
"' 
-1 
Q) n 
X )> n;· r-
V) 
F864CH003 13:43:29.218 +00:01 :32.7 0.24 Star 22.24 21.41 20.98 20.56 20.08 21.63 .., 
"' 0 
"' Cl. r-
> F864CH004 13:43:27.840 +00:00:08.2 0.30 Gal 22.58 20.48 18.8 18.18 17.86 20.89 5 () :E z 
-n F864CH005 13:43:22.027 +00:00: 10.0 0.29 Star 20.29 20.21 20.19 19.9 19.79 20.38 c: a 
-o 3 0 
Cl. F864CH007 13:43:27.295 -00:01 :3S.5 0.20 Gal 21.29 19.37 18 17.49 17.19 19.73 .., 
CD n CD 
"0 F864CH008 13:43:25.666 -00:01:23.1 0.16 Gal 22.76 23.08 22.08 21.14 20.6 23.4 I X )> 
~ z 
< F864CH009 13:43:32.681 -00:02:03.3 0.20 Star 20.54 20.05 20.02 19.99 19.53 20.22 0 
"' 
;;o 
"' 
)> 
Cl. F864CH010 13:44:13.001 -00:27:20.7 0.37 Gal 24.2 22.44 21.61 20.72 20.31 22.72 I~ 0 ~ r;· F864CH013 13:44:14.083 -00:29:50.1 0.30 Star 19.95 19.51 19.32 19.11 18.95 19.69 ~ I~ V) c F864CH014 13:44:12.886 -00:30:05.5 0.40 Gal 20.75 20.45 20.3 20.05 19.79 20.63 < CD 
< Gal V) F864CH015 13:44:09.257 -00:30:3 7.0 2.52 22.47 22.26 21.71 21.49 20.8 22.5 
F864CH016 13:44:23.954 -00:28:46.5 0.53 Star 22.03 21.38 21.51 21.1 21 21.52 iv.. 
(J) 
F864CH017 13:44:18.828 -00:30:41.9 0.64 Star 22.72 20.59 20.16 20.11 19.83 20.81 
lJ 
F864CH019 13:43:56.290 -00:25:39.6 0.48 Star 23.13 22.78 23.13 22.23 22.57 22.89 
,C: 
'OJ 
,r--
,-
F864CH020 13:44:20.078 -00:31:10.6 0.51 Gal 20.87 20.43 20.55 20.33 20.14 20.57 
,n 
,CJ 
•):. 
F864CH021 13:43:55.553 -00:31:46.6 1.11 Gal 22.32 22.49 22.25 21.75 21.05 22.68 ');' ~ 
F864CH022 13:43:51.146 -00:30:49.3 0.50 Star 22.25 22.01 21.83 21.45 21.62 22.2 . 1./) lfT1 
IV) 
F864CH024 13:43:53.798 -00:32:37.4 2.70 Star 23.98 23.72 22.2 21.81 21.07 24.11 
1):. 
:2: 
ICJ 
F864CH025 13:43:46.970 -00:31:15.7 2.42 Star 25.14 23.71 22.4 22.25 21.52 24.06 . 1./) c: 
~ '::00 (continues ... ) ·~ t;\ 
--< n :::r Table 3.13: SDSS counterparts to Chandra sources in F864 (continued). :r: <ll )> 
<ll 
-o < __, 0 
,m c 
"?0 rt a· (JoJ 
::J Chandra ID RAa DECa Separationb l'ype 0 
_, 
u !? r i z bj 0 
10 ·~ 
"' Q) 'n X 
')> ro· ,r 
V> F864CH027 13:44:25.949 -00:00:56.2 0.34 Star 18.7 18.6 18.44 18.49 18.5 18.79 '., 
"' jO ::J 0. r lr 
> F864CH029 13:44:25.030 +00:01 :23.2 0.63 Star 21.32 21.21 21.2 20.86 20.67 21.37 ,o C"l I~ z 
_, F864CH030 13:44:38.304 -00:00:51.1 0.52 Gal 21.34 21.16 21.02 20.86 20.51 21.34 a c 
-o 
3 
'o 
0. F864CH032 13:44:20.820 -00:04:58.9 0.40 Gal 22.62 :.W.91 19.64 19.11 18.7 21.26 1-n 
<ll 12 <ll "0 F864CH033 13:44:17.439 -00:04:42.1 0.30 Star 23.38 22.66 22.65 21.94 21.42 22.82 X I~ il 
< F864CH034 13:44:20.354 -00:05:24.3 1.15 Star 23.53 22.25 22 21.96 21.62 22.44 :36 
"' : )> ::J 0. F864CH035 13:44:35.397 -00:05:31.6 0.46 Star 23.15 23.09 22.42 22.39 21 23.35 (/) 0 0 
-g ,c 
r;· F864CH036 13:44:33.5 74 -00:05:36.9 0.50 Star 21.59 19.04 17.54 16.02 15.2 19.42 ."?0 9!. ,n 
V> -~ 
c F864CH038 13:44:29.203 -00:05:53.0 0.13 Gal 21.82 21.25 20.33 19.75 19.43 21.54 :2 
<ll 
< Gal V> F864CH039 13:44:08.040 -00:03:08.9 0.96 22.85 22.18 21.7 21.57 21.05 22.41 
F864CH040 13:44:24.566 -00:06:17.0 0.59 Star 20.43 20.28 20.19 20.08 19.83 20.46 I l.N 
C)) 
F864CH Al 13:43:51.065 00:04:34.7 0.89 Gal 17.73 17.3 17.01 16.59 16.55 17.51 
- lJ 
c: 
F864CH A2 13:43:44.285 00:05:08.9 1.47 Star 21.46 21.31 21.39 21.13 21.02 21.46 CJ:J r-
C"i 
F864CH_A3 13:43:42.384 00:06:44.3 1.55 Gal 21.64 21.11 20.08 19.6 19.18 21.43 CJ )> 
F864CH_A5 13:44:01.949 00:00:03.5 2.63 Gal 20.62 19.93 18.98 18.53 18.06 20.23 s;! ~ 
F864CH A6 13:43:52.961 -00:04:38.4 0.85 Gal 22.4 22.1 21.12 20.42 20.03 22.4 V) rn 
V) 
F864CH Al 13:43:53.484 -00:05:20.1 2.07 Star 20.51 20.53 20.28 20.23 20.46 20.73 
)> 
< 
- I CJ 
F864CH_A8 13:43:55.630 -00:06:01.8 2.35 Star 23.39 21.21 20.38 19.93 19.76 21.5 V) c: 
~ :>o (continues ... ) ;:;:; (A 
---; 12 :::; Table 3.13: soss counterparts to Chandra sources in F864 (continued). (!) > (!) I ""0 < 
-j 0 
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6 (.N 
:::J Chandra ID RAa DECa Separationb l)rpe i hj Q, u /( r 7 0 
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"' 
::j 
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X > ro r-
V> FB64CH A9 13:44:19.930 00:04:16.4 0.69 Gal 26.51 20.81 19.28 18.66 18.27 21.2 leg 
"' :::J 0. 'r-
» F864CH_A11 13:43:13.368 -00:05:01.3 0.8 Gal 21.12 20.61 20.42 19.86 19.43 20.8 5 Cl ·~ z 
..., F864CH_B1 13:44:24.545 -00:24:12.8 0.83 Gal 21.16 21.06 21.18 20.8 21.05 21.2 c a 
'-o 3 io 
0. F864CH BJ 13:4-!:25.970 -00:25:30.5 0.82 Gal 23.36 22.54 20.8 20.27 19.75 22.96 -n (!) 
-
'n (!) 
'0 F864CH_B5 13:44:46.927 -00:30:09.4 2.05 Gal 22.34 21.94 20.07 19.05 18.62 22.38 I~ X <iJ 
< F864CH B6 13:44:37.402 -00:32:37.4 0.4 Gal 24.23 21.86 21.67 21.91 21.14 22.05 0 ;:o 
"' 
- )> :::J 
0. F864CH BB 13:44:14.472 -00:24:14.4 2.99 Gal 24.18 23.49 22.85 21.99 22.02 23.74 <J) 0 0 
'0 c 
rt ;:o i'i' F864CH_B9 13:44:24.562 -00:13:03.1 1.43 Star 20.79 20.75 20.35 20.38 20.53 20.97 n 9!. m 
V> <J) 
c F864CH_C1 13:44:52.910 00:05:20.2 0.7 Gal 17.65 17.25 16.82 16.29 16.13 17.47 ~ (!) 
< F864CH C2 13:44:19.930 00:04:16.4 1.26 Gal V> 26.51 20.81 19.28 18.66 18.27 21.2 
F864CH_C3 13:45:14.978 -00:00:47.9 1.2 Star 13.29 14.89 15.38 14.82 12.14 14.97 I llN 
()) 
FB64CH C4 13:45:08.038 -00:05:26.7 1.92 Gal 20.45 19.91 19.71 19.57 19.07 20.1 I 
-
·-u 
c:: 
F864CH_C6 13:44:55.819 -00:01:16.5 2.12 Star 21.38 20.91 20.83 20.64 20.08 21.08 OJ r--(") 
F864CH C7 13:44:20.890 00:02:27.0 1.65 Star 20.25 20.13 20.11 19.85 19.55 20.29 CJ ):,. 
F864CH_CB 13:44:35.834 00:03:46.2 0.76 Star 22.15 22.44 22.27 22.06 21.79 22.62 );! ~ 
Vl 
a SDSS positions; J2000. rn Vl 
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b Angular separation between Chandra and soss counterpart in an·seconds. :;::: CJ 
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3.7 Summary 
This chapter has described the optical data used in the WHDF and 10 x 10 ks sur-
veys. Particular emphasis has been placed on the reduction analyses of the imag-
ing and spectroscopic data obtained with the WFI camera on the AAT and with 
the LDSS2 spectrograph on Magellan-1, respectively. In the photometric catalogues 
constructed with WFI data, we have detected optical counterparts to 6 7 Chandra 
sources in the GSGP4 field, down to magnitudes of g = 25.3, r = 25.0 and i = 23.7. 
28 of these are a subset of the almost 200 sources targeted in 2001 and 2002 with 
LDSS2 to provide identifications and redshifts for Chandra sources ( 64 targeted in 
the combined WHDF and GSGP4) and for B: R: /-selected elliptical and lenticular 
galaxies in a parallel program to study the evolutionary properties of the early-
type galaxy population. Amongst the x-ray sources, several high-resolution spec-
tra have been obtained for objects which were catalogued as very faint according 
to preexisting photometry and vice versa, implying large optical variability in our 
x-ray samples. Details of the data reduction of WFC/INT have also been given. 
Catalogues with properties of optical counterparts to Chandra sources are also 
constructed in a) the WHDF, from deep multiband imaging and photometry for 93 
objects; in b) F864, from soss multiband imaging and photometry for 51 objects, 
from deep spectroscopy with WYFFOS for 1 7 objects and from publicly available 
spectroscopic data for 4 extra sources; and in c) GSGP4, from the 2QZ survey for 10 
bright quasars. 
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CHAPTER IV 
The Nature of the XRB 
We have seen in chapter 2 that intermediately deep Chandra surveys eventually 
resolve the soft and hard x-ray backgrounds into discrete sources and only a neg-
ligible contribution from a diffuse hot gas such as intergalactic medium (IGM) is 
allowed. Also, the x-ray spectra of these sources is found to be hard enough as 
to solve the "spectral paradox" (§ 2.5; see also figure 4.10). Having found further 
evidence that explain these problems, we can now use our observations to focus 
on understanding the physical nature and the cosmic evolution of the sources that 
make the XRB and their role in models of galaxy and AGN evolution. 
In section 4.1 of the present chapter we classify the x-ray sources detected 
serendipitously in extragalactic blank fields into separate categories and draw con-
clusions regarding their major x-ray emission mechanisms (star formation vs. 
AGN). In section 4.2 we address one of the most fundamental problems yet to 
be clarified, namely whethC! AGN live in old, evolved galaxies or instead in young 
galaxies with high levels of star formation. To answer this question we under-
take a full characterisation of the galaxies that host an x-ray source. (This topic 
finds a natural complement in the study of the evolutionary properties of z < 0.5 
early-type galaxies of the WHDF in colour space, in chapter 5.) We next review 
in section 4.3 the major strengths and weaknesses of the XRB population synthesis 
models, paying particular attention to type 11 QSOs and to the validity of the unified 
model for AGN at high redshifts. Finally, in section 4.4 we comment on minor con-
tributors of the XRB: Galactic stellar contamination, extremely red objects (EROs) 
and ultraluminous x-ray sources (ULXs). 
4.1 Source Content 
Amongst the most notable x-ray emitters in the Universe capable to contributing 
to the XRB we find: a) o.sos, b) Seyferts, c) absorbed AGN, 1 d) low level AGN (LLAGN), 
1 It is worth distinguishing between absorption of x-ray light by large column densities and obscu-
ration of optical light by dust, for these phenomena may not be always coupled in /\Gr-.: as section 4.3.2 
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e) Galactic stars, j) starburst galaxies, g) optically inactive galaxies, h) diffuse hot 
gas (clusters of galaxies, IGM, ... ), etc. While the contributions at hard energies 
and faint fluxes from any diffuse gas or from Galactic stars are bound to be minor 
(§ 2.4.3, 4.4.1), a clear description of how the other classes contribute is not yet 
available. Of equal urgency is the research into the nature of the dominant x-ray 
emission mechanisms within these classes. In particular, many narrow emission-
line galaxies (NELGs) are found as optical counterparts to a population of unusually 
x-ray luminous galaxies with hard spectra at faint fluxes (chapter 3). The origin 
of their x-ray photons is unclear; starburst activity and obscured AGN are the most 
favoured solutions, but knowing a precise answer would greatly benefit population 
synthesis models for the XRB and, more generally, models for the evolution of AGN. 
In the present section we take a close look at the discriminants at our dis-
posal to classify the sources and enquire about their emission mechanisms. Thus 
in section 4.1.1 we classify the sources according to their spatial extent and to 
their spectral signatures, while in section 4.1.2 we use x-ray to optical flux ratios 
and optical colour-colour diagrams to respectively test the relative importance of 
AGN/starburst emission and the relative fractions of galaxies of different Hubble 
type amongst x-ray-loud galaxies. 
4.1.1 source Classification 
Imaging 
Chandra's FWHM = 0.5" spatial resolution places stringent limits on whether a 
source is point-like or extended. In this regard, once deconvolved with the instru-
ment's PSF, all detections are compatible with being spatially unresolved. Hence we 
find no contribution from clusters of galaxies or any diffuse hot gas, although a 
few clusters are known to exist in our fields. 2 This result is expected on the basis of 
the small size of the fields surveyed and the negative evolution with redshift of the 
luminosity functions of clusters (Edge et al. 1990; meaning that most luminous 
clusters are most numerous at the present epoch and have been already detected 
with shallower and wider surveys). 
We note as well that 0.5" roughly corresponds to 4 kpc at a redshift z rv 1 and 
to 2 kpc at z"" 0.25; it is therefore virtually impossible to distinguish any sort of 
extended emission in nuclear starbursts or even in low redshift optically inactive 
galaxies whose x-ray light would come from binaries spread across the galaxy or 
from interstellar hot gas with a King profile. We see, then, that Chandra imaging is 
not particularly useful to discriminate between classes of x-ray emitters, for most 
of them appear point-like. 
Optical imaging is more suited to distinguish stars or QSOs (point-like) from 
shows. 
2 In fact we only detect a minor overdensity of x-ray photons around a cluster at a= Ooh 22"' 455 24, 
B = 00° 23' 26" (J2000), whose optical colours seem to put it at z > I. 
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galaxies (extended). This morphological classification is very useful, particularly 
for sources without spectroscopy. We use it as a diagnosis on its own (as in fig-
ure 4.10) and combined with most observables (ubiquitously in this chapter). 
Spectroscopy 
The most direct route to identifying a source is via its spectrum. x-ray spectra 
are of very limited use in our samples given their faintness (typically the detectors 
record "' 10-3 counts per second per source) and multiparameter fits that would 
directly measure the intrinsic column densities are infeasible but for the brightest 
objects. 3•4 
At present, with multi-object spectroscopic (MOS) facilities on most large tele-
scopes, obtaining optical spectra is indeed much more productive. We have un-
dertaken optical spectroscopic follow-up campaigns as described in chapter 3 and, 
together with publicly available data, have unambiguously classified 79 sources 
according to their lines. 
Spectral Line Classification 
Motivated by our spectroscopic data not having flux-calibration and by the LDSS2 
instrument not having high enough spectral resolution for precise line-width mea-
surement, as required by accurate AGN identification methods based on emission 
line strength ratios (e.g. Veilleux & Osterbrock 19 8 7), we have taken a coarser 
approach into classifying sources. We classify the optical spectra of the extra-
galactic x-ray sources into three general categories according to the following line 
signatures: a) broad emission lines or clear signs of any of the following emis-
sion lines, exclusive of broad-line AGN: Nev/..1240, SiiV,0IV]Al400, Niv]/..1486, 
Heii/..1640, Om]/..1663 or Nm]/d750 (category "BLAGN": QSOs, Sy 1 -broad-line 
active galactic nucleus); b) not in category BLAGN and conspicuous emission lines 
(category "NLXG": Sy II, other obscured AGN, starburst -narrow emission-line x-
ray galaxy); c) not in category BLAGN and marginal or no emission lines and clear 
absorption lines (category ALG: early-type galaxies- absorption-line galaxy). 
We note that this classification, while it can unambiguously detect a broad-line 
AGN in a galaxy, it is incapable of differentiating between star formation and AGN 
since both have narrow emission-lines and are classified as NLXGs. A full treatment 
of this problem would require comparison of the ratio of emission intensities of 
various pairs of lines close together in the spectrum, as in the traditional AGN and 
star burst classifications based on the log (10 111 1/111!) : log (IN 11 1/11a) flux-ratio diagnostic 
diagram (e.g. Baldwin et al. 1 9 81 ; Veilleux & Osterbrock 1 9 8 7; Kewley et al. 2001). 
3 Spectral analysis of stacked sources which have been statistically grouped into meaningful cate-
gories beforehand is another possibility. 
4 As described in chapter 2, gross information about the spectra of x-ray sources can be obtained 
from their soft to hard band flux and hardness ratios; these are intensively used later in this chapter. 
Nevertheless, they are not practical for our current classification purposes. 
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Field 
WHDF 
F864 
GSGP4 
Total 
4.1. SOURCE CONTENT 
BLAGN NLXG ALG Stars 
14 9 5 0 
11 3 2 1 
25 4 4 1 
50 16 11 2 
Table 4.1: Spectroscopic classification of sources. Summary of the number of 
sources in each of the types defined in the text. 
Although such analysis is beyond our possibilities, in section 4.1.2 we address the 
issue of AGN/starburst emission under the guidance of x-ray-to-optical flux ratios. 
A summary of the number of identified sources in each category is shown in 
table 4.1. We caution that these do not represent the true proportions of classes 
in the surveys for the follow-up is biased, particularly towards QSOs (many QSOs 
were known from previous ROSAT surveys or from the 2QZ, and many are bright 
which eases identification, for instance). 
Luminosity Classification 
A second natural advantage of spectroscopy is that it provides a redshift for the 
sources and hence their luminosities can be easily computed. Given that the intrin-
sic brightness gives direct clues on the emission mechanisms, yet another way to 
classify a source is according to its luminosity. Thus, AGN luminosities range from 
as low as Lx = 1036 (Ho 2003) to Lx = 1048 ergs- 1; on that scale, quasars are the 
luminous AGN (Lx ~ 1044 ergs- 1, Ms ;S -23 mag). As for galaxies, typical late-types 
have luminosities of 1038 ;S Lo.s-3.5 keV ;S 1041 ergs- 1 while early-type galaxies are in 
the range 1039 ;S Lo.s-3.5 keV ;S 1042 ergs- 1. At the flux limits of the 10 x 10 ks sur-
vey, and even the WHDF, this means that we select galaxies at redshifts z ;S 0.5 (see 
§ 2.4.1). 
However, a luminosity classification would be more useful for sources without 
spectroscopy, for which no line classification can be used to start with. This is par-
ticularly relevant in our samples given that their optical faintness makes complete 
spectroscopic follow-up expensive (50% of the sources have I;::: 23.5). The avail-
ability of multiband photometry in the WHDF and F864 fields makes the pursuit 
of photometric redshifts certainly desirable in order to improve the quality of our 
studies. Although we have been studying galactic redshift evolution in colour-
colour diagrams (§ 4.1.2, 5), we have not yet attempted those. We anticipate in-
consistencies due to the contamination from the light of the AGN onto the glare of 
the host galaxy; the available spectroscopic redshifts will provide a reliable bench-
mark to quantify them. Photometric redshifts remain a priority in the schedule of 
future work. 
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4.1.2 Emission Mechanisms 
X-ray-to-Optical Flux Ratios 
The distribution of the fluxes in the 0.5-10 keV band and in the R optical band 
proves a fruitful way to explore the emission mechanisms of the sources in our 
sample. Powerful AGN are identified in x-ray surveys by their elevated high-energy 
output (e.g. Elvis et al. 1994) and therefore display enhanced x-ray-to-optical flux 
ratios, logfx/1~P' ;:::: -I. On the other hand, low-level AGN (LLAGN) and star-forming 
galaxies have lower flux ratios, typically logfx/rop< ~-I (e.g. Maccacaro et al. 1988; 
Stocke et al. 1991). 
Figure 4.1 shows the optical and x-ray fluxes for the two surveys, with the 
areas typically occupied by AGN and galaxies shaded distinctively. Morphological 
and spectroscopic information is provided by the following legend: a) point-like 
and extended sources in the optical images are plotted as skeleton stars and circles, 
respectively; empty triangles denote lack of reliable morphological information 
while optically blank counterparts to x-ray sources are marked with upward ar-
rows; b) x-ray spectra are summarised with symbol size: bigger for hard (HR>O) 
sources; c) optical spectral type is provided, when available, for the four classes 
into which we have ordered our sample: broad-line AGN (blue stars), NELGs (blue 
squares), absorption-line galaxies (red circles) and Galactic stars (yellow stars); 
empty symbols are reserved for when spectroscopic identification is ambiguous. 
In the WHDF (upper panel of figure 4.1) we immediately note that, regardless of 
optical magnitude and despite the 3cr flux detection limit of a 4. 10- 16 ergcm-2 s- 1, 
most x-ray sources are concentrated about fluxes fx "' 10- 14 ergcm-2 s- 1. This is 
due to the 2-10 keV source number counts turning over at these flux regimes, in 
which therefore the source number counts are maximised(§ 2.4). These sources all 
have log~'x/r"", ;:::: -1, typical of AGN. They include most of the broad-line AGN, all of 
the hard sources in the WHDF sample (hence we conclude that, on basis of their flux 
ratios, hard sources are likely powered by AGN), all of the optically blanks (hence 
we conclude that, on basis of their flux ratios, optically blank counterparts to x-
ray sources are likely powered by AGN), ""3j4 of the narrow emission-line galaxies 
(both hard and soft) and liJ of the absorption-line galaxies (all of which are soft, 
in contrast with reports from Mushotzky et al. 2000 which highlight the existence 
of early-type galaxies with rather hard spectra; the discrepancy might be due to 
cosmic variance). 
In the same panel we also observe that, at very faint fluxes, fx ~ w- 15 ergcm-2 s- 1, 
all sources are galaxies with very soft spectra (NLXGs and ALGs; HR ~ -0.7), oc-
cupying the parameter space region typical for non-AGN emitters. 21J of all the 
early-types in the WHDF sample belong to this group and, moreover, all have 
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Figure 4.1: R band magnitude vs. total x-ray flux . Open circles and radial stars 
correspond to x-ray detections with extended and point-like optical light profiles, 
respectively; open triangles denote lack of morphological information and upward 
arrows mark lower magnitude limits of optically blank counterparts to x-ray 
sources. Optical spectroscopic classes are marked with different symbols (empty 
for ambiguous spectroscopic identifications) and the larger size denotes hard x-ray 
spectra. The oblique lines indicate constant x-ray-to-optical flux ratios for + 1, 0, 
-1 and -2 while the shaded regions mark the region of the parameter space typi-
cally occupied by classic AGN (dark grey) and star-forming galaxies or LLAGN (light 
grey). 
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logfxj1"P' ;S -2, typical for 'normal' galaxies (galaxies without AGN or intense star-
bursts), in which the x-ray emission probably comes from low-mass binaries and 
hot interstellar gas. As for the emission-line galaxies, about 1;4 of the total be-
long to this group; they have higher X-ray-to-optical flux ratios than their fellow 
absorption-line galaxies, more in line with high levels of star formation. This prob-
ably means that, at fluxes fainter than fx"' w-IS ergcm-2 s- 1, we are starting to 
detect the x-ray-bright tail of the "normal" galaxy population reported to domi-
nate the source number counts at ultrafaint levels (fx ;S w- 16 ergcm-2 s-1 ) in the 
2 Ms Chandra Deep Field North (Hornschemeier et al. 2003). 
Unfortunately we cannot make remarks of the same nature in the 10 x I 0 ks 
survey due to its shallowness. However, the behaviour at bright x-ray fluxes is 
similar in both surveys. In particular for both it is true that bright galaxies Ux 2:, 
10- 15 ergcm-2 s- 1 in the WHDF) are mostly NLXGs, either hard or soft. As in the 
WHDF, we detect no objects in the galaxy parameter space region, indicating that, 
at these levels, any on-going star formation is most likely masked out by AGN 
activity in the same galaxy. 
Amongst the point-like population we observe a constant scaling in flux ratios 
and nearly all belong to the typical AGN space, at llogfx/ror• I ;S 1. The extended popu-
lation has a distribution of x-ray-to-optical flux ratios somewhat flatter, consistent 
with being constant. In this case, though, the dispersion of optical magnitudes per 
given x-ray flux is much wider than for point-like sources; this seems to suggest 
that, although AGN emission dominates the x-rays, the host galaxies contribute as 
well to the optical emission at significant levels, introducing substantial scatter in 
optical magnitudes. 
Note that there are 9 x-ray sources without an R ;S 26 companion in the WHDF 
(upper panel of figure 4.1). At z = 0.5, R = 26 corresponds to MR = -17.5 or, equiva-
lently, to L = 108·92 L0 (qo = 0.5 and Ho =50 kms- 1 Mpc- 1 ). Assuming the mass-to-
luminosity ratio typical for an elliptical galaxy of M/L = 10 (Karttunen et al. 1994), 
this yields a mass for the galaxy of"' 1010 M0 . If the Magorrian et al. (1998) rela-
tion of M. "'3 · w-3 Mbulge holds at these redshifts, R2:, 26 for the host galaxy implies 
a black hole mass ofM. ;S 2.5 ·107 M0 . If such a black hole emitted at the Eddington-
limited luminosity we would detect it with a flux of Sx ~ 2.5 ·10- 12 ergcm-2 s- 1, well 
above our surveys' x-ray flux limits (which are capable of detecting a M. "' 104 M0 
black hole at z = 0.5). Hence, with our photometric limits we can not yet test the 
Magorrian et al. ( 1998) relation at high redshifts. 
Figure 4.2 on the following page shows the dependencies of the x-ray-to-optical 
flux ratios on the x-ray flux, the optical flux and the hardness ratio. We see that 
the flux ratios seem independent of x-ray flux. On the other hand, they depend 
strongly on the optical magnitude, with fainter sources having higher logfxj1~"' 
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Figure 4.2 : x-ray to optical flux ratios as a function of x-ray flux, R magnitude 
and hardness ratio for the sources in the Herschel Deep Field. 
(likely due to obscuration on the assumption that the optical flux is highly depen-
dent on nuclear light) . The right-most plot shows that hard sources are optically 
faint and x -ray bright, as expected from a population of type II AGN at z ;S l. 
Colours 
Colour indices depend on the spectral distribution of light and can therefore provide 
limited information about the light-emitting mechanisms of the emitter; several 
optical colours can then be compared to break degeneracies in separating classes of 
sources . In fact, this is such an effective method that it has served as the basis for 
several highly successful multiband photometric surveys, including the soss (e.g. 
Fukugita et al. 1996) and the COMB0-17 (e .g. Wolf et al. 2003) . 
We have studied a range of colour-colour diagrams for our fields , including 8- R 
vs. R - l , R - Ivs. H - K,U - 8vs. 8 - R,/ - Hvs. 8 - R,l - Hvs. R - /,8 - Rvs. R - K, 
etc. Figures 4 .3, 4 .4 and 4 .5 display examples of the 8 - R vs. R - /-like colours 
for x-ray sources in the three surveyed fields , superposed on a surface density 
background built from the colours of the brightest galaxies in the corresponding 
field . On each plot, spectroscopic and morphological information for the sources is 
provided following similar conventions as in figure 4 . 1 on page 118. Also shown 
are two sets of redshift tracks based on evolutionary stellar population synthesis 
models of Bruzual & Charlot (2003) for early- and late-type galaxies (E/ 50 and 5, 
respectively) . On these diagrams, quasars have a well-defined main locus on the 
blue edge (around 8 - R "' R - 1 "' 0.5 in the case of the WHDF) . The bulk of x-ray 
galaxies is found around the region where the evolutionary tracks for very low 
redshift E/ 50 and low redshift 5 coincide; moreover, the scatter in colours in these, 
but also in the other colour-colour diagrams, is large and therefore it seems clear 
that x-ray galaxies cannot be generally ascribed to a single morphological type. 
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In fact, if we assume that most x-ray emission in our samples is due to AGN as 
hinted in figure 4.1, it seems appropriate to conclude that type 11 AGN are hosted 
in a broad range of galaxies. We note as well that, according to the evolutionary 
tracks, many of the fainter unidentified extended objects have colours consistent 
with high redshift galaxies: many spirals in the WHDF (B- R = 0.9 ± 0.2) and early-
types in GSGP4 (r- i 2: l.l) and F864 (r'- i' 2: 0.5), for instance. This also serves to 
show again that there are large variations in the numbers and in the populations 
found from one survey to another due to underlying large scale structure and 
Chandra's small field of view (cj § 4.3.4). 
4.2 ACN Host Calaxy Properties 
It has been argued in section 4.1 that, regardless of the optical counterpart type, 
the bulk of x-ray photons detected with Chandra in deep exposures most likely 
have their origin in AGN emission. This conclusion is reinforced by the low number 
of star-forming galaxies found to be significant x-ray emitters. Indeed, out of the 
almost 6000 B- R :::; 1.6 galaxies that are actively producing stars, only a dozen 
are detected in the 75 ks Chandra exposure. Therefore, catalogues generated from 
deep x-ray surveys constitute an efficient (and least biased) method to select active 
nuclei. In the current section we characterise the nature of the z ;S 0.7 galactic 
population that host the AGN found in these catalogues. 
One of the most fundamental questions to be clarified is whether AGN live in 
old, evolved galaxies or instead in young galaxies with high levels of star forma-
tion. Colour-colour diagrams such as figures 4.3--4.5 reveal that the bulk of x-ray 
galaxies is found around the region where the evolutionary tracks for very low 
redshift E/SO and low redshift S coincide, although individual examples are found 
at positions more typical for both early- and late-type galaxies. From those plots 
it seems clear that x-ray galaxies cannot be generally ascribed to a single mor-
phological type (see also chapter 5). The same conclusion is reached from pure 
morphological inspection of the optical images: appendix A contains multi-band 
thumbnail images for the counterparts of x-ray sources in the GSGP4 (page 171) 
and WHDF (page 180) fields and it shows that there is a wide variety of galaxy 
types and luminosities, from large and luminous ellipticals to beautiful spirals to 
red mergers with double nuclei. 5 
We now learn, from the bottom panels of figures 4. 6 and 4. 7, that no clear 
correlation exists between the colours of galaxies and their optical flux, and that 
the scatter in colours is reproduced at all surveyed optical magnitudes, increasing 
towards fainter magnitudes. In these plots we have g- r and r- i colours vs. 
5 Note, though, that most galaxies have prominent bulges and also that a very large number show 
signs of interactions such as double nuclei and distorted morphologies. 
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r magnitude for the x-ray sources in the GSGP4 field (including s;N ;S 3 Chandra 
detections). 6 It is seen that at bright magnitudes ( r ;S 21) roughly equal fractions of 
early and late-type galaxies are found clustered around intermediate colours, r-ic:::: 
0.9 and g- r c:::: 1.3; at fainter magnitudes galaxies span much wider colour ranges, 
but still they keep roughly equal proportions of galaxies with red and blue colours. 
The same conclusions seem to hold if we compare colours against redshifts (top and 
middle panel of figures 4.6 and 4. 7) if we map bright magnitudes to low redshifts 
and faint magnitudes to high redshift. A final result derived from the bottom 
panels of figures 4.6 and 4. 7, and also from figure 4.1, is that, in our surveys, also 
the hardness ratio is uncorrelated with optical flux, in disagreement with reports 
from other researchers who observe that the hard x-ray sources predominantly lie 
in the most optically bright galaxies (Barger et al. 2001). 
Although the overall conclusion that type II AGN (NLXGs) are hosted in a broad 
range of galaxies seems unavoidable, we observe some patterns when we examine 
their colours against properties such as x-ray fluxes or hardness ratios. We have 
seen in figure 4.1 that x-ray bright sources tend to be NLXGs, whilst ALG are more 
common at fainter x-ray fluxes. Given that in our x-ray surveys the redshift space 
surveyed for both types of galaxies is the same, this suggests that typical x-ray 
luminosities are higher for NLXGs, as expected from an AGN/non-AGN origin of 
the x-ray emission from the bright NLXG/faint ALG populations, respectively. This 
result complements the work by Almaini et al. ( 199 7) who found that blue and red 
subsamples of galaxies (dividing at B- R = 1.5) contribute with similar amplitude to 
the significant cross-correlation signal between faint galaxies and unresolved XRB 
found in ROSAT deep fields. By acknowledging that blue galaxies are more weakly 
clustered, they concluded that their luminosities might have to be higher than for 
red galaxies, for which clustering enhances the signal. In our combined set of x-ray 
bright NLXGS of the WHDF and 10 x 10 ks surveys, we find that bright NLXGs (hosts 
to obscured AGN) tend to have marginally bluer colours, with the eleven brightest 
examples (fo.s-w keY;:::: 3 ·10- 15 ergcm-2 s- 1) having a mean (B- R) = 1.4. This result 
is, however, highly dependent on the field studied and should be confirmed with 
a higher sample of NLXGs. Thus, while in the GSGP4 field (which was used in the 
work by Almaini et al.) all x-ray bright NLXGs have notable blue colours (see, for 
instance, their colours in figures 4.6), in the WHDF they are significantly redder. 
In figures 4.8 and 4.9 we compare the hardness ratio vs. colours (upper and 
middle panels) and vs. redshifts (bottom panels) of the sources in the WHDF and 
GSGP4 fields, respectively. 7 Inspection of their top and middle panels shows that op-
tically redder BLAGN span a wider range of hardness ratios and, as a result, overall 
they are marginally harder (more absorbed) in the x-rays. This behaviour might 
be clearer in the deeper WHDF, but it also occurs in the GSGP4 field if we consider 
6 Although not included for reasons of space, similar trends are observed in the equivalent plots for 
fields F864 and WHDF. 
7The spectroscopic follow-up of galaxies in the F864 field is minor. 
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point-like sources as fainter QSOs. It could reflect that, amongst some QSOs, optical 
obscuration and x-ray absorption are related phenomena. However, this redden-
ing is not observed amongst galaxies in general, and NLXGs in particular, as they 
harden. The conclusion here could to be that there is a wide range of galaxy types 
amongst obscured AGN hosts and their varied colours averages out any possible 
indication that reddening is associated with absorption. Both trends, for QSOs and 
galaxies, are confirmed in the two surveys with all the colours available: r- z, b- r, 
r- i. 
The bottom panels of figures 4.8 and 4.9 show the distribution of redshifts vs. 
hardness ratios. We find no clear evidence that either BLAGN or NLXGs harden with 
redshift. Thus, from these plots we find no hints of cosmic evolution of any of 
those classes, nor spectroscopically confirm the requirement from XRB population 
synthesis models that more absorbed sources be at high redshift (e.g. Gilli et al. 
2001 ). This is not surprising, however, because absorbed sources at high redshifts 
are likely to be optically very faint and their spectroscopic follow-up, difficult. 
From these panels we also note that all of the bright and hard (HR2:; 0) objects 
introduced in section 2. 5, and which we will discuss at length in 4. 3, are at redshifts 
z ~ 1.5. They could belong to a single population judging by their colours, where 
no differential trend is detected between the BLAGN and NLXGs. Rather, they appear 
mixed and it seems that they could be the luminous and faint examples of the 
same group. The lack of high redshift luminous AGN with positive hardness ratios 
is explained by the redshifting of hard emission into softer bands, which would 
render an absorbed QSO indistinguishable from an unabsorbed one. 
4.2.1 Optically Blank Population 
A significant fraction of Chandra sources is too faint to be detected in the optical 
images. In this section we characterise their known properties and argue that they 
do not constitute a different population but the extension at optically faint fluxes 
of the x-ray sources which have a spatially extended optical counterpart. 
Figure 4.10 on the following page shows the source counts-flux relations for 
the x-ray sources in our two surveys. According to their optical morphologi-
cal information, we have drawn cumulative counts separately for sources with 
stellar-like (blue stars) and extended (red squares) spatial distributions, for sources 
with unreliable stellarity index ("undetermined"; green triangles) and for unde-
tected sources ("blanks"; black dots). At fluxes So.S-2 keV 2:: 3. w-IS and s2-l0 keY 2:: 
w- 14 ergcm-2 s- 1, sources from the WHDF, F864 and GSGP4 fields have been com-
bined; at fainter fluxes, all sources belong to the WHDF. For reference, the predic-
tions in the soft (top panel) and hard (bottom panel) bands from a XRB population 
synthesis model by Gunn (1999) have been included. From this figure we note two 
main things. First, that in both x-ray bands and at all fluxes available, the slopes 
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Figure 4.10: Soft (top panel) and hard (bottom panel) cumulative number counts 
for sources with stellar-like (blue stars) and extended (red squares) spatial distribu-
tions, for sources with unreliable stellarity index ("undetermined"; green triangles) 
and for undetected sources ("blanks"; black dots), according to their appearance 
in optical images of the WHDF, GSGP4 and F864 fields. The predictions from a XRB 
population synthesis model by Gunn (1999) have been included for reference. 
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Figure 4.11 : Fluxes vs. hardness and band ratios for sources without optical 
counterpart in the WHDF . 
for extended, undetermined and optically blank objects are very similar. This sug-
gests that they constitute, in fact, a single population where the undetermined and 
the blank sources are the increasingly optically faint tail of the brighter extended 
population. Second, we observe that the slope for these three classes is steeper than 
for point-like sources. Moreover, point-like sources are more numerous at bright 
x-ray fluxes while the other classes dominate the counts at faint fluxes . All this 
works into solving the so-called "spectral paradox" with a population of extended 
and faint hard sources different to o.sos. 
Figure 4.11 shows the fluxes against hardness and band ratios for blank sources 
in the WHDF . It can be seen that the hard flux dominates their total flux (being, 
typically, 2-100 times the soft flux); this behaviour is expected from type 11 AGN 
at z ,:S I. Also, from the HR vs. total flux for all sources in our two surveys (fig-
ure 4 .12) we see that sources without optical counterpart and galaxies share the 
same distribution. On basis of their x-ray to optical flux ratios (figure 4 .1), we 
have concluded that optically blank counterparts to x-ray sources are too bright 
at "' keY energies to be likely powered by any non-AGN mechanism. In addition, 
the same diagnosis served to conclude that hard sources are also likely powered 
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by AGN, and figure 4.11 shows that blank sources are relatively hard. Given that, 
by definition, blank sources are optically very faint, it is plausible that such an 
AGN powering their x-ray emission is obscured and lies at higher redshifts than 
identified galaxies. 
All these arguments seem to suggest that optically faint counterparts to the x-
ray sources in our surveys are mostly the high redshift counterparts to the ob-
scured AGN identified at fluxes brighter than So.5-IO keY"' 10-IS ergcm-2s- 1. 
4.3 Population Synthesis Models 
4.3.1 Obscured ACN 
Over the last fifteen years several attempts to explain the XRB as a superposition 
of AGN spectra have been pursued in order to account for its r ~ 1.4 flat spectrum 
above 2 keV. Thus for instance, Awaki (1991) used Ginga data to show that a 
proportion of 3 : I of Sy 11 to Sy 1 could produce all the hard XRB if the spectra 
of the former steepen beyond "' 50 keV. But it is the models based on the x-ray 
properties of unified schemes for AGN, as suggested by Setti & Woltjer (1989) and 
developed by Madau et al. (1994) and Comastri et al. (1995) amongst others, that 
have had the largest success on fitting the XRB while simultaneously accounting for 
the observed number counts, spectral characteristics and the relative distributions 
of different types of sources. These models require the presence of many absorbed 
sources in order to account for the flat spectrum of the hard XRB and typically 
predict that obscured AGN outnumber unobscured ones by a factor of 2-10. 
Evidence supporting an obscured AGN origin for the XRB include results obtained 
from studying SMBH in the centres of nearby non-active galaxies. It is found that 
the observed local density in black holes, as obtained from the correlation between 
the mass of SMBHs and the mass of the galactic bulge (Magorrian et al. 1998), 
comes out to be an order of magnitude higher than predicted from the integrated 
QSO emission, as obtained from the mean surface brightness of the sky in optical 
QSOs (Soltan 1982) and a luminosity function, a bolometric correction factor and 
a mean accretion factor (Chokshi & Thrner 1992; see also Lawrence 1999 for a 
review and references therein). Similar conclusions have been drawn from the 
relations found with the hard x-ray background and the local mass function of 
black holes as derived from the correlation between radio emission of galaxies and 
the mass of the central black hole (Franceschini et al. 1998; Fabian & Iwasawa 
1999). If all the assumptions in these studies are correct (the most basic being that 
all the emission from quasars comes from accretion on to a massive black hole), it 
appears that a large population of obscured QSOs that are not observed at optical 
wavelengths must exist. 
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Figure 4 .12: Hardness ratio with optical identification for sources in the WHDF and 
10 x 10 ks surveys. The legend is as for figure 4.1 with the addition of grey circles 
for x-ray sources without optical counterpart ("blanks") . Note the hardening of, 
not only the extended population, but of the Q.SOs as well towards fainter fluxes . 
Also, the presence of a distinct population of bright and hard Q.SOs. (The labels for 
the hard fraction of sources denote survey id numbers.) 
4.3.2 Hard osos 
Our data agree with the XRB population synthesis models in the basic requirement 
that a large fraction of the XRB emission is due to obscured AGN. Until fairly re-
cently, very few such objects were actually known, particularly at high redshift 
where a large fraction of the emission is known to originate. Figure 4.12 shows a 
plot that adds, for the most significant x-ray sources, spectro-morphological infor-
mation to the hardness ratio plots of figure 2.18. Aside from Q.SOs, the majority of 
the spectroscopic identified sources are NELGs whose x-ray emjssion is likely due to 
an obscured AGN (§ 4 .1 .2 ). At x-ray fluxes around So.S- IO keY rv 1 x 10- 14 ergcm- 2 s- 1 
(where most of the XRB is produced) and fainter, the source cow1ts are dominated 
by galaxies for whlch no spectroscopy is available. We have argued in section 4.2 
that these galaxies mostly represent the faint tail of the obscured AGN population. 
If that is indeed the case, we confirm with our x-ray surveys that, at faint x-ray 
fluxes , the obscured population outnumbers unobscured AGN in agreement with 
the predictions from the models. 
Unfortunately, accurate estimates of the number ratio between type II and type I 
AGN cannot be directly associated with the number ratio between absorbed and 
unabsorbed populations, which is what the models predict. Despite the fact that x-
ray spectral properties of AGN are often well correlated with their optical ones (lack 
of optical broad lines accomparued with high column densities and vice versa; Nan-
dra & Pounds 1994; Smith & Done 1996), several authors have found in the local 
universe that a non-negligible number of Sy I galaxies display absorption columns 
well in excess of NH > 1022 cm- 2 (e.g. Turner & Pounds 1989); conversely, Sy 11 with 
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Figure 4.13: Optical spectra of the hardest BLAGN and NLXGs in our surveys. 
NH < 1022 cm- 2 have been found as well (Barcons et aL 2003). At higher redshift, 
a few QSOs that display high columns have also been reported (e.g . Akiyama et al. 
2000; Fiore et al. 1999; Pappa et al. 2001). In both the WHDF and 10 x 10 ks sur-
veys we seem to find several examples of these, which can be readily identified in 
figure 4 .12 as HR > 0 blue-starred data points .8 The plot shows that they consti-
tute between % and liJ of the class of very x-ray bright and hard sources which 
are seen to contribute appreciably to the 2-10 keY XRB in the middle panel of fig-
ure 2.18. 9 The spectra for some of these hard BLAGN can be seen in figure 4 .13, 
which also includes spectra for the hardest NLXGs encountered in our surveys. 
In terms of the unified schemes for AGN, the finding that also amongst dis-
tant QSOs there is a non-negligible fraction of unobscured absorbed objects, as 
it happens with local Seyfert 1 galaxies, adds support to the analogy between lo-
cal Seyfert 1 galaxies and distant QSOs . On the other hand, if the hypothesis that 
their hard spectra are due to absorption is correct, their column densities should be 
greater than rv 1023 cm- 2 (assuming a power-law spectrum with a standard pho-
8We are assuming that the sources have intrinsic steep spectra (power-law with r = 2) hardened by 
moderate-to-high absorption, as opposed to intrinsic flat spectra. This has been found to be the case in 
the majority of objects so far surveyed and, in particular, in a study including the GSGP4 and f864 fields 
(Pappa et al. 2001) . 
9 Incidentally, this translates in that the oso class is found to contribute to the hard XRII a larger 
fraction than usually predicted by the models. 
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ton index of r = 2.0). In principle, within the framework of the simplest version of 
standard unification models where the molecular gas and dust which prevents the 
direct view of the BLR in Sy II is likely to also contain atomic gas that will absorb 
soft x-rays, the high column densities would yield a reddening by dust associated 
with this absorbing gas such that it would dim the QSOs to barely detectable lim-
its at optical/NIR domains; even when detected, they should display narrow lines 
only. However this is clearly not always the case and in our survey there is a 
population for which large gas quantities do not imply obscuration by dust. Al-
though scattered nuclear light might play a part (Turner et al. 1997), given the 
numbers and strengths of the lines, differences in dust density, composition and 
grain size distribution are, most likely, of major importance to account for this 
effect (Granato et al. 1997; Maiolino et al. 2001 ). Currently, the most favoured 
explanation is that x-ray and optical obscuration take place in two distinct media. 
The matter responsible for most of the x-ray absorption would not be the dusty 
torus but lie closer to the accretion disk, at distances comparable to the BLR radius. 
For the most powerful AGN it would fall inside the dust sublimation radius, where 
dust would be disrupted but the metal-rich gas would absorb the x-ray flux com-
ing from the central engine. Thus, the optical spectrum would remain unaffected 
but large intrinsic photoelectric absorption of x-rays would occur (Weingartner & 
Murray 2002; Georgantopoulos et al. 2003). 
4.3.3 Type 11 osos 
A natural consequence of all XRB population synthesis models that account for 
the hard SOUrce COUnts at S2-10 keY rv J0-! 3 ergcm-2 s- 1, is that highly luminOUS 
type II AGN exist (Gilli et al. 2001 ). Their large intrinsic absorbing columns (NH 2'; 
1024 cm-2 ) would render them as red and faint point-like sources in the optical; they 
would display narrow emission lines only in their spectra, high x-ray to optical 
flux ratios and x-ray luminosities greater than"' 1044 ergcm-2 s- 1 after correcting 
for absorption. However, despite the fact that a few high-redshift luminous AGN 
with only optical narrow lines have been observed (e.g. Norman et al. 2002; Stern 
et al. 2002), their numbers remain substantially below the expectations; in this 
respect, the WHDF and 10 x 10 ks surveys are no exception, as we now see. 
Spectroscopically, we have identified two high-redshift (z > 2) type II QSO candi-
dates which show narrow-emission lines only in their rest-frame uv emission and 
which are very luminous (Lx > 1044 ergs- 1): 
RX J13433+0001 This point-like source (a= 13h 43111 29.227s, 8 = +00° 01' 32.9") was 
first discovered by Almaini et al. (1995) in the Deep RosAT Survey (Shanks et al. 
1991 ). In the optical, it shows narrow lines corresponding to Lya and C!vf.1549 
(figure 4.14 on the next page) which give a redshift of z = 2.35 and, at B = 22, imply 
an absolute magnitude of MB = -23.7 (Ho =50 kms- 1, q0 = 0.5). In the infrared, it 
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Figure 4 .14: Optical spectrum of the B = 22 type 11 a.so candidate RX J13433 +0001, 
at z = 2.35. The narrow Lya and CrvA-1549 emission lines are labelled. Obtained 
with the AAT/ AUTO FIB instrument in March 1994. 
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Figure 4.15: The UKIRT/ CGS4 K-band spectrum of the type 11 a.so candidate 
RX J13433+0001, at z = 2.35. The broad Ha indicates moderate obscurahon. Ob-
tained in March/ May 1995. 
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shows broad Ha and no H~ lines (figure 4.15). This, together with its B~K = 5.4 
red colour, suggests that this object is a moderately obscured QSO at optical wave-
lengths (Av > 3; Georgantopoulos et al. 1999). Closer inspection of the line ratios 
led Halpern et al. ( 1999) to reclassify this source as a narrow-line Seyfert 1 galaxy 
(NLS1). Although this new label does not alter the fact that RXJ13433+0001 is a 
high-luminosity obscured AGN at high redshift, where the space density of such 
systems is poorly constrained and of fundamental interest to studies of the XRB, 
it does highlight further challenges to the simple orientation-dependent unification 
schemes for AGN, since NLS1 have typically steeper optical and x-ray spectra relative 
to normal Sy 1 and Sy 11. The upper limit on the column density of RXJ13433+0001 
from the ROSAT data is nH :::- 6 · 1021 cm-2 which is comparable to the amount in-
ferred from the Ha/H~ decrement observed in theIR spectrum. However, the col-
umn implied from the combined ROSAT and ASCA data is larger, at nH "" 1023 cm-2 . 
There is significant uncertainty in its hard x-ray spectral index due to normalisa-
tion differences between ROSAT and ASCA, which could be attributed to variability 
(Georgantopoulos et al. 1999). 
In the lOx 10 ks Chandra survey, RXJ13433+0001 is a bright object known as 
F864CH003. Its flux in the soft band is So.5-2 keV = 5.1. w- 14 ergcm-2 s- 1 (Lx"" 
2 · 1045 ergs- 1 in the same band, Ho =50 kms- 1, qo = 0.5), very similar to the 
ROSAT flux. In the hard band, though, its flux of S2-10 keV = 6.3 · 10- 14 ergcm-2 s-l 
(Lx ""3 · 1045 ergs- 1 in the same band, Ho =50 kms- 1, qo = 0.5) is significantly lower 
than the ASCA flux of S2-10 keV = 2.4 · 10- 13 ergcm-2 s- 1. Although the ASCA photons 
were gathered from a region within 1.5-2' from the x-ray centroid and Chandra 
detects three extra objects in that area (F864CH001-4), their integrated hard band 
flux (S2-10 keV = 1.1·10- 13 ergcm-2 s- 1) is still about half the ASCA flux; hence source 
blending does not seem to be the only cause of the differences between ROSAT and 
ASCA. Interestingly, the ACIS-s hardness ratio of this object (HR= ~0.61) yields a col-
umn of nH :::-8 ·1021 cm-2 (assuming an absorbed power-law spectrum with photon 
index r = 2.0), again similar to the result obtained from ROSAT data. These values 
are typical of bright unobscured broad-lined o,sos. One way around the incon-
sistency between optical obscuration and lack of corresponding x-ray absorption 
could be that we are observing in the soft band scattered flux which does not come 
directly from the nucleus. 
CXO WHDF J002222.9+002013 This source, at a= 00h 22m22.884s, 0 = +00° 20' 13.2" 
(12000) and known as WHDFCHOOB in our WHDF x-ray survey, is extended and 
relatively faint in both optical and x-ray domains (B = 24.5, R = 24, So.5-IO keV = 
3.6·10- 15 ergcm-2s- 1; figure 4.17 on the following page). It has blue B: R: I 
colours, typical of classic, broad-lined, quasars (B ~ R :::- R ~I:::- 0.5) but moder-
ate absorption is suggested by its redder, B ~ K = 5.0, colour at infrared wave-
lengths. LDSS2 spectroscopy shows narrow-emission lines only, corresponding 
to Lya, CI\'A1549, HeiiA-1640 and CIII]A1909, which yield a redshift of 2.12 (fig-
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Figure 4 .16: Optical spectrum of the type II QSO candidate WHDFCH008, at z = 2.12. 
The main spectral features, which consist of narrow lines of transitions usually 
reserved for broad-lined AGN, are labelled. Obtained with the Magellan-1 LDSS2 
instrument in November 2001 . 
Figure 4.17: Optical images of the type II QSO candidate WHDFCH008 , at z = 2.12. 
From left to right, top to bottom, the images correspond to the B, R, I and Z bands . 
Green circles mark Chandra positions. Each box is 1011 wide. 
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ure 4.16). In contrast with RXJ13433+0001, WHDFCHOOB is hard at HR = -0.19. If 
this is the result of an absorbed power-law spectrum with r = 2.0, the columns im-
plied are nH 2:; 1023 cm-2. Then, its unabsorbed flux yields a rest-frame luminosity 
of l..Q.5-l0 keY rv 1.6 · 1044 ergcms-l. 
These characteristics make of this object a prime candidate to a type II oso. To 
confirm its status, IR spectroscopy that would show absence of broad Balmer lines 
would be desirable. 
Apart from spectroscopically, we have further searched for other type 11 QSO 
candidates amongst the logfx/ropt 2:; 1 sources and also amongst point-like sources 
with red colours. In the colour-colour diagrams of figures 4.3- 4.5, seven spatially 
unresolved sources are found forming a red wing at colours B- R 2:; 2. Amongst 
them, GSGP4CH011, F864CH024 and F864CH02 5 have log fx/ror• :::::: I and relatively hard 
spectra. These would be good candidates for type II QSOs, but unfortunately they 
are only marginally detected in the x-ray images. Another source, GSGP4CH099, is 
spectroscopically identified with a oso, possibly embedded in an early-type galaxy, 
and has a soft spectrum and logfxj1or• :::::: 1. Possibly the last extragalactic source 
within this set is WHDFC!-1044, one of the absorbed broad-lined osos discussed in the 
previous section. Of the remaining two sources, one is spectroscopically identified 
with a Galactic star (F864CH036) and the other has a soft spectrum and logfx!f;,r, ::::::-I 
which possibly places it in the same category (GSGP4CH084). Amongst the sources 
selected with log lxfror• 2:; I the majority are too faint in the optical images as to obtain 
reliable stellarity indicators and hence not many type II oso candidates can be 
picked-out this way (see figure 4.1). There are no candidates in the WHDF and only 
F864CH003, GSGP4CH036 and GSGP4CH077 in the wider lOX 10 ks survey. The first 
one is the NLS1 RX J13433 +0001 and the second, a spectroscopically identified broad-
lined quasar; both have blue colours in g, rand i, typical of quasars. GSGP4CH077 
is a point-like source without spectroscopy; its marginally redder colours place it 
roughly where the evolutionary tracks for spiral galaxies at z"' I and for ellipticals 
at z "' 2 in our models coincide. This is not an unusual location for a classic quasar 
either. 
Overall, only two z > 2 luminous highly obscured AGN with narrow lines only in 
their optical spectra, and just a few more candidates, are found in our surveys. This 
is alarming from several points of view: not only do population synthesis models 
of the XRB predict as much as 90% of the sources at high redshift to be type 11 
osos (Gilli et al. 2001), but also the modelling of IR spectral energy distribution 
of AGN (Pier & Krolik 1993) and uv spectral shapes (Maiolino et al. 2001) suggest 
the presence of numerous type II osos in the Universe. In fact, the existence of a 
population of luminous absorbed AGN is often debated given the ubiquity of our 
result that narrow-lined osos are not commonly observed. 
Nevertheless we suggest that luminous type II AGN do exist in abundance. The 
models require powerful AGN with large absorption columns, in analogy with 
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lower luminosity type II Seyfert galaxies, that will be absorption thick and hence 
have very flat spectra in the x-rays (''x-ray" type 11 Q,50s). It is commonly assumed 
that large atomic columns associate with molecular gas and dust that render the 
objects optically thick and hence they should display narrow lines only ("optical" 
type 11 Q,50s). But we have discussed in the previous section, and again for the 
NLS1 RX J13433+0001, that this assumption is often incorrect. We have also seen 
that most of the luminous absorbed Q,50s show broad emission lines, which can be 
understood for instance if x-ray absorption occurred within the dust sublimation 
radius of the source (cf § 4.3.2). Hence it comes natural to suggest that x-ray 
luminous absorbed AGN show broad lines more often than narrow lines only and 
that for this reason "optical" type 11 QSOs are proving so elusive. 
This hypothesis offers a natural explanation to the common concern regarding 
the lack of luminous, high-redshift, obscured sources detected in x-ray surveys, de-
spite the negative K-correction for absorbed x-ray sources (e.g. Wilman et al. 2000). 
In this framework, such sources would turn up as relatively x-ray bright and soft, 
broad-lined quasars with a high redshift, just as unabsorbed classic quasars do. 
Therefore, it could be tested by obtaining column density distributions from the 
x-ray spectra in a sample of high redshift quasars or, alternatively, from the com-
parison of extreme ultraviolet (EUV) and x-ray colours; uv-optical/x-ray selection 
techniques should not matter considerably. 
Another observation that accommodates well within our hypothesis is that broad-
line quasars harden at fainter x-ray fluxes, as observed in figure 4.12: it is just an-
other manifestation that luminous and faint AGN share similar column densities, 
only that absorbed luminous AGN often do show broad lines. As a final note, we 
mention in favour that both "optical" and "x-ray" type 11 Q50s are closely related, 
that, for instance, the "optical" type II Q50 of Norman et al. (2002) is the hardest 
source detected at z > 2 in their sample. Similarly, broad-lined "x-ray" type II QSO 
WHDFCH007, is the absolute hardest in ours (while WHDFCH044 is the fourth). 
4.3.4 Redshlft Distribution 
Despite the many successes of the XRB population synthesis models, the advent 
of Chandra and XMM-Newton x-ray observatories has unveiled incongruences in 
those models which need to be revised. We have already addressed in the previous 
subsection the issue of the shortage of "optical" type 11 Q,50s found with respect 
to the expectations. Another surprise has come from the redshift distributions of 
the AGN in deep x-ray surveys. As can be seen from the top panel of figure 4.18, 
the AGN (BLAGN + NLXGs) distribution in our surveys peaks at redshifts just below 
z = 0.5, which is a considerably lower redshift than what models based on ROSAT 
data predicted (e.g. Z"" 1.3 -1.5, Gilli et al. 2001). 
However, direct comparison between the model predictions and our data is com-
plicated by: a) incompleteness of the optical spectroscopic identifications; b) non-
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active galaxies amongst the NLXG population; and c) possible redshift distribution 
dominated by the presence of large scale structures. Of these three effects, the first 
one is likely to be the most important. In general, unidentified sources are expected 
to lie at a higher redshift than those already identified. On the other hand, our 
identifications are biased towards high redshift QSOs, since many are known from 
previous ROSAT observations and from the 2QZ survey. But these QSOs are gener-
ally optically bright and would have been identified preferentially during spectro-
scopic follow-up anyway; therefore they do not invalidate that with higher levels 
of completeness the AGN redshift distribution is likely to peak at higher redshifts. 
That said, it is highly unlikely that the peak raises to z > I given the trend observed 
so far and that we do not anticipate any sharp change between the optically faint 
galactic population and the brightest galaxies already identified (see§ 4.2). As for 
the contamination by non-active galaxies amongst the NLXGs, we expect it to be of 
the order of ;S 25% on the basis that only 31J 1 NLXGs occupy the non-AGN parame-
ter space region in the logfx/ror• plot of figure 4.1. Excluding those from the sample 
does not change appreciably the AGN redshift distribution. Finally, the middle panel 
of figure 4.18 shows that, although some lumpiness due to large scale structure 
may be present in the different fields, our redshift distribution is not dominated by 
any of them (cf the discussion on large scale structure starting on page 144). 
SMBH Accretion History 
Overall, we conclude from figure 4.18 that NLXGs hosting an AGN (and so probably 
Seyfert 11 galaxies) are more numerous at lower redshifts (saturating at z "'0.5, or 
slightly higher) than more luminous QSOs (saturating at zrv 1.4). Since these peaks 
in the redshift distribution are expected at the end of a strong positive evolution, 
the natural conclusion seems to be that the two populations undergo different 
evolutions. One explanation to account for the observed sharp decrease of the AGN 
number-luminosity densities from these redshifts could stem from models where 
the volume emission from AGN is mostly contributed by higher luminosity objects 
at higher redshifts and lower luminosity sources at lower redshifts, such as that 
presented by Menci et al. (2004). Extrapolating the Magorrian et al. (1998) result 
that black hole masses positively correlate with bulge mass, given that massive AGN 
are typically hosted by massive galaxies, in a hierarchical clustering scenario, these 
models would find a natural basis if frequent galaxy merging and interactions at 
z"' 2 provided a sustained cold gas reservoir to fuel accretion onto SMBHS while, 
at lower redshifts, z < I, when encounters are less frequent, most gas has been 
converted to stars and galaxies undergo passive evolution, the major contribution 
to the AGN x-ray emission would come from lower luminosity sources. This late 
evolution of the low-luminosity AGN may be similar to that which Franceschini 
et al. (2002) invoke to fit the mid-infrared source counts and background (a very 
fast evolution up to z = 0.8 for the obscured AGN). 
As a final remark on the top panel of figure 4.18, we note the lack of observed 
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Figure 4.18: Redshift distribution of x-ray sources in the WHDF and 10 x 10 ks sur-
veys. The top panel compares the distribution of the three classes of extragalactic 
sources identified. The middle panel shows the distribution of sources separately 
for the three fields (hard band flux limits of 3 · 10- IS ergcm- 2s- l in the WHDF and 
w- 14 ergcm- 2 s- 1 in the GSGP4 and FB64 fields) , using a narrow redshift bin interval 
to highlight possible spikes due to large scale structure. The bottom panel shows 
the redshift distribution of red, x-ray-quiet galaxies in the WHDF to compare spatial 
clustering between early-type galaxies and x-ray sources. 
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osos beyond z = 3. While the statistical quality of our high-redshift AGN is insuf-
ficient to make definitive statements on the subject, the observations hint towards 
a decline of the x-ray-selected osos at high redshift, in consonance with the space 
density of optically and radio selected QSOs (Schmidt et al. 1995; Shaver et al. 1996; 
Fan et al. 2001). 
Large Scale Structure 
AGN clustering has been detected and thoroughly studied at optical wavelengths 
(Shanks et al. 1987; Croom et al. 2001). x-ray surveys map the obscured AGN 
population and could be a powerful tool to study the clustering of high redshift 
objects. A first manifestation of large scale structure has been already encountered 
in the form of substantial field-to-field variation in the numbers and in the popu-
lations found in the images of the WHDF and also of the lOx lO ks survey, where 
the full range of cosmic variance seen in the Chandra deep fields published to date 
is reproduced in our set of neighbouring fields. 
In figure 4.18 we take a closer look at the spatial clustering of sources in the 
WHDF, GSGP4 and F864 fields. The middle panel shows the redshift distribution of 
x-ray sources in each of the three fields. At z > 1 we see that at least 40% of the 
objects show indications of being clustered. Thus, in the GSGP4, out of 11 osos, 
4 are between 1.3 < z < 1.4 in two redshift spikes of width & = 0.03 and a further 
two objects form another spike at z c::: 1.67; in the F864, 2 out of 7 osos are at 
z c::: 2.22; and in the WHDF, 2 out of 6 are clustered at z c::: 1.33. (Note that, with 7 
paintings, GSGP4 has the widest surveyed area and, thus, overcomes more easily 
the stringent limits on the small distances probed perpendicular to the line of sight 
posed by Chandra's small field of view -at z = 1, the 16' x 16' of ACIS-1 correspond 
roughly to an area 4 x 4 Mpc2). Despite the low number of sources per spike, given 
the roughly flat distribution of osos between 1 ;S z ;S 3 in the combined dataset 
(top panel of figure 4.18) and the small size of the redshift bins used, this result is 
significant and confirms that x-ray-selected o,sos are highly clustered. 
At z < 1, redshift spikes with more than one source are seen only in the WHDF. 
In the bottom plot of figure 4.18 we compare this higher density regions with the 
redshift distribution of B- R > 1.6-selected, x-ray quiet galaxies in the same field 
which, by virtue of their selection, should consist preferentially of z < 0.5 ellipti-
cal and lenticular galaxies (see chapter 5 and also figure 4.3). This comparison is 
motivated by the facts that over 50% of the infrared sources in the K20 survey of 
Cimatti et al. (2002) which are classified as early-type galaxies have been reported 
to lie in two x-ray structures in the Chandra Deep Field South (Gilli et al. 2003; 
Croom et al. 2001). Further, Brown et al. (2001) showed that the spatial cross-
correlation of AGN with early-type galaxies is much stronger than with late-types; 
it is also well known that early-type galaxies are more likely to reside in dense 
environments (we have seen that high redshift luminous AGN cluster strongly). 
Nonetheless, there does not appear to be much correspondence between the dis-
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tribution of early-type galaxies and x-ray sources in the WHDF. In particular, the 
most significant peak of E/SO galaxies does not have an equivalent peak of x-ray 
sources. 
4.4 Minor Contributors 
4.4.1 Stellar Contamination 
Galactic stars in our surveys are generally bright and soft x-ray emitters, have 
optical colours that span the whole space occupied by the galaxy population and 
display relatively high logfx/fop<. While 27% of the Einstein Medium-Sensitivity Sky 
Survey (EMSSS) and about 20% of the RosAT All Sky Survey (RASS) consist of galac-
tic sources (Gioia et al. 1990; Match et al. 1991; Basinger et al. 1993), they rep-
resent only "' 5% of the spectroscopically identified objects in our surveys. We 
identify two major effects that explain this drop. First is that, at the surveys flux 
limits (So.S-2 keV::::: 4 · 10- 16 in the WHDF and So.s-2 keV::::: 3 · 10-lS ergcm-2 s-l in the 
10 x 10 ks), we are capable of detecting bright stars("- 1029 ergs- 1) beyond the typ-
ical scale height of the galactic disk and hence we exhaust the number of stars 
that can contaminate our samples. Secondly, a high fraction of stars has a rather 
soft spectrum; therefore, our hard-band detections might select against those. Cer-
tainly, also because we targeted intentionally high galactic latitude fields, less stel-
lar contribution is expected. As a conclusion, we can be confident that stars do 
not significantly alter our conclusions when we assumed all detected sources to 
be of extragalactic origin (for instance during the calculation of the number-flux 
relationships, § 2.4 and 4.1 ). 
4.4.2 Extremely Red ObJects 
Placed between local galaxies and Lyman break or submillimetre selected galaxies, 
extremely red objects (ERO; R- K :2: 5; /- K :2: 4) have optical and infrared properties 
consistent with passive elliptical galaxies, dusty (post-) starbursts and obscured 
AGN at redshifts I ;S z ;S 2 (Smail et al. 1999; Pierre et al. 2001 ). Knowing the rel-
ative fractions of each type is important for galaxy evolution models that link the 
formation of elliptical galaxies with the activation of AGN. Given that the expected 
x-ray (and x-ray to optical) properties of obscured AGN (Lx > I042 ergcm-2 s- 1 and 
hard spectrum) are different than those expected for dusty star-forming objects 
(I 038 < Lx < I 040 and 1.8 ;S r ;S 2.5; e.g. Ptak et al. 1999; Ranalli et al. 2003) and for 
old passive galaxies (soft x-ray spectra and low logfxj1~P'), we can use our data in 
the WHDF to obtain first conclusions, at least on the relative fraction of obscured 
AGN amongst the ERO population. 
Amongst the three-dozen EROs in the central 71 x 7' WHDF (K < 20; McCracken 
et al. 2000), only one source is found to be x-ray emitter. This object, WHO-
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Figure 4.19: Optical images centered on the ERO WHDFCH009, also detected in the 
Chandra images. From left to right, the images correspond to the R, Hand K bands . 
Each box is 15 11 wide. 
FCH009 (R = 25.2, B - R = 0.2, B - H = 4.9, R - K = 4.9, 1 - K = 4.0; figure 4.19), was 
detected with low significance (S/ N = 2.7) only in the hard band and shows, corre-
spondingly, a rather hard spectrum (HR = 0.0) and high x-ray to optical flux ratios 
(log fx/r.,. ~ 1), which are typical properties of obscured AG N. The object proved too 
faint for Magellan-1 LDSS2 spectroscopy, but its colours suggest a redshift z ;::: 2 
(see evolutionary models in colour-colour diagrams in figures 4.3 and 5.4, for in-
stance) . In this field Chandra detects a total of 20 x-ray sources and hence the 
fraction of EROs is significantly lower than that found in other surveys (1 0-30%; 
Alexander et al. 2002; Mainieri et al. 2002; Crawford et al. 2001) but not nec-
essarily in disagreement if such fraction depends on the limiting fluxes in both 
electromagnetic regimes. From this it is readily evident that obscured AGN are in 
minority amongst EROs and, also, that the latter are generally not powerful x-ray 
emitters. We conclude that the AGN fraction in the optically selected ERO sample on 
the WHDF is of "' 5%, thus suggesting that EROs are essentially unrelated to AGN. 
In order to estimate the relative fraction of the other two types, we would 
need unavailable spectroscopic information which would allow the detection of 
absorption-line spectra for the old population and of EW(O[II] A.3827) > 20 for the 
dusty EROs. Spectroscopy on optical/IR EROs would also allow to group them into 
meaningful categories for subsequent s tacking analysis of their x-ray properties. 
4.4.3 Ultralumlnous Compact X-ray Sources 
The existence, mostly in spiral galaxies, of off-nuclear x-ray sources with high 
luminosities, Lx > !039 ergcm- 2 s- 1 (ultraluminous compact x-ray sources, ULXs), 
is one of the most intriguing problems in x-ray demography. Their energetic 
output is much higher than expected for neutron stars or low-mass black holes 
spherically-accreting at the Eddington limit; black holes with masses of the order 
M. "' 100 M 0 are required to provide such high powers, but then serious problems 
are encountered when trying to model their formation mechanisms. This has led 
to the thought that maybe ULXs can be explained as young supernova remnants , 
normal X-ray binaries in which the X-ray emission is beamed towards the observer 
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Figure 4.20: Optical image of the spiral galaxy APMUKS(BJ) 8005520 .08-274536 .9 
with the position of the ULX GSGP4CH043 marked as two perpendicular lines (at 
"two o'clock" ; 12000 a= 0011 57111 45 .122s, 8 = - 27° 29'23.0"). The image, an inverted 
true-colour picture obtained from the g, r, i WFI filters, covers a field size of 5.5' x 
4.5'; east is down and north to the right. It was acquired with the AAT on the 27111-
28111 December 2000 with a total integration time of 2 hours, reaching limiting 
depths of g "' 25.3, r "' 25.0, i "' 23.7 magnitude in the g, r, i filters , respectively. 
or, simply, as background AGN (e.g. Foschini et al . 2002; King et al. 2001; Masetti 
et al . 2003). 
We report on the identification of the optical counterpart of a ULX in our sur-
veys (GSGP4CH043 ; 12000 a = 00"57111 45.122s, 0 =-27° 29'23.0"). This is a source 
with a soft x-ray spectrum (HR = - 0.5; r ~ 1.8) and a 0.5-10 keY flux of 5.7 x 
w- 14 ergcm- 2 s- 1, apparently embedded in a region of star-forming knots in the 
external arms of the spiral galaxy APMUKS(BJ) B005520 08-2745 36. 9 (figure 4 .20) . 
However, LDSS2 spectroscopy of the object (figure 4 .21) reveals a narrow-emission 
line source at a redshift of z = 0.368, which implies that the ULX is a background 
source rather than an object associated with the nearby spiral galaxy. 
The source is superposed against H li regions associated with a young stellar pop-
ulation in the foreground galaxy, which complicates optical identification. Our ten-
tative WFI photometry results in magnitudes of g = 22.5, r = 22.0, i = 21.6 for an ob-
ject distant 1. 7" from the x-ray source. Its spectral features include strong Balmer 
and forbidden transition emission lines : H~ , Hy, [0 II]A.3727 and [0 m]A.5007 (red-
wards of 700 nm the spectrum is very noisy and the Huline in particular, expected 
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Figure 4 .21 : Optical spectrum of the ULX GSGP4CH043 , at z = 0.368 in the back-
ground of nearby spiral galaxy APMUKS(BJ) B005520 .08 -274536 .9. The main spectral 
features are labelled. Obtained with the Magellan-1 LDSS2 instrument in September 
2002, with a total integration time of 2 .5 hours. 
at 898 nm, is unfortunately not properly covered). Unless confusion and starlight 
contamination have severely affected the redshift determination, we find that the 
x-ray flux in the 0 .5-10 keV band implies a luminosity of Lx ::::::: 4 - 1043 ergs- 1 (a 
qo = 0.5 and Ho = 50 kms- 1 Mpc 1 cosmology has been assumed). This is typical of 
an average bright AGN . The source is also clearly seen in ROSAT images, although 
the flux is not available since it was detected blended with another source . 
Recent observations of ULXS strongly argue in favour that they form a hetero-
geneous source class (e.g. Roberts et al. 2004). Similarly to our finding, Foschini 
et al . (2002) and Masetti et al. (2003) report on background sources as the optical 
counterparts to two ULXs (a BL Lac and a starburst nucleus, respectively) . Also, 
in a recent study of over 80 ULXs detected with Chandra, the distribution of the 
basic x-ray spectral parameters for about 50% of the sources were best- fit using 
an absorbed power law with mean spectral index 1.67 (Swartz et al. 2003); this fit 
is paradigmatic of obscured AGN . Altogether these results suggest that a sizeable 
fraction of ULXs may be due to confusion with nuclear emission from background 
galaxies . 
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4.5 Summary 
In order to quantify the contribution from different types of emitters to the XRB 
we have attempted different classification schemes for the x-ray sources in our 
surveys. From x-ray imaging analysis we have found all sources compatible with 
being spatially unresolved and, therefore, no evidence for any contribution from 
clusters of galaxies or any diffuse hot gas. While optical morphologies are very 
useful to distinguish point-like (osos and stars) from extended sources (galaxies), 
optical spectroscopy allows the most fruitful classification: extragalactic sources 
are classified into broad-line AGN (BLAGN), narrow emission-line x-ray galaxies 
(NLXGs) and absorption-line galaxies (ALGs) according to their ultraviolet and opti-
cal line signatures. At the current stage of the spectroscopic follow-up of Chandra 
sources, we have 63% of BLAGN, 20% of NLXGs, 14% of ALGs and "'3% of Galac-
tic stars. These do not represent, however, the true proportions of classes in the 
surveys for the follow-up is biased, particularly towards osos (many osos were 
known from previous ROSAT surveys or from the 2QZ, for instance). 
To explore the emission mechanisms of the x-ray sources, we have studied the 
distribution of their X-ray-to-optical flux ratios. We have noted a dichotomy be-
tween sources brighter and fainter than fx ,....., w- 15 ergcm-2 s- 1 in the sense that 
all bright sources show enhanced logfxj1or' > -1, typical of AGN emission, while the 
faint population has Ioglxfropl < -1 and the dominant x-ray emission is, in that case, 
most likely not due to AGN. The bright population comprises the great majority 
of sources in the sample, including all the hard sources (HR > 0), all the x-ray 
sources without optical counterpart, most BLAGN and most NLXGs, which far out-
number ALGs. On the other hand, all the sources in the faint sample are very soft 
galaxies (NLXGs and ALGs in roughly equal proportions and with HR ;S -0.7) and 
they comprise most of the ALGs of the survey. In other words, it seems that at 
fluxes fx ;S w- 15 ergcm-2 s-1 we start to detect the x-ray-bright tail of the "nor-
mal" galaxy population with x-ray emission dominated by stellar processes, bi-
naries and interstellar hot gas. At brighter fluxes, where the bulk of the energy 
of the hard XRB is emitted, most x-ray photons come from AGN, many of them 
possibly obscured. Indeed, from the optical identifications we have found in good 
correlation that hard sources have narrow emission lines in their spectra, which 
indicate obscuration in the standard AGN unification model and therefore they are 
thought to be type II AGN. Their x-ray-to-optical flux ratios support as well an AGN 
emission mechanism. From these and from their redshift distributions and scatter 
in optical and x-ray colours at all luminosities and distances, we have concluded 
that most narrow emission-line galaxies and optically inactive galaxies observed 
at bright fluxes with Chandra are low level AGN at different luminosities and/or 
redshifts (generally, z < 1). Sources with very faint optical counterpart, or even 
with no counterpart at all, appear to be mostly the high-redshift tail of these AGN. 
For the faintest galaxies, the glare of the nuclear component will be diluted by the 
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much stronger absorption lines of the stellar background of the bulge. These con-
clusions are backed by Moran et al. (2002) who perform optical spectroscopy of 
nearby Seyfert 11 galaxies simulating observations of distant Chandra sources and 
find that numbers of narrow emission-line galaxies in deep x-ray surveys have 
been underestimated; further support could be obtained from performing targeted 
long-slit spectroscopy to selected faint optically inactive ALG in search of emission 
lines. 
Our data has been found in agreement with the models based on the x-ray prop-
erties of unified schemes for AGN in the basic requirement that a large fraction of 
the XRB is due to obscured active nuclei. At high redshift we have reported on the 
discovery of a new high-luminosity obscured AGN which has only narrow lines in 
its optical spectrum and a hard hardness ratio, i.e., a candidate to a type II a.so 
(WHDFCHOOB). We have also provided support to the analyses based on ROSAT data 
on another such source, RXJ13433+0001. Nonetheless, the number of luminous 
obscured AGN at high redshifts remain significantly below the expectations from 
the population synthesis models of the XRB and from the modelling of IR and uv 
AGN SEDs. To bring agreement between the observations and the predictions we 
have suggested that x-ray luminous absorbed AGN show broad lines more often 
than not. This is based on several results, including the discovery of broad-line 
quasars amongst the hardest sources in the WHDF, that show that atomic columns 
responsible for x-ray absorption do not always associate with the molecular gas 
and dust that render the objects optically thick. 
The redshift distribution of AGN has shown that they peak at considerably lower 
redshift than what models predict. NELGs hosting an AGN are more numerous at 
lower redshift than more luminous a.sos, which could be the result of a different 
evolution. We have also found that, while high-z x-ray-selected a.sos are highly 
clustered, at low redshift no clear correspondence is found between the positions 
of early-type galaxies and x-rays sources in the WHDF. 
In the last section we have assessed the incidences of Galactic stellar contamination 
and of EROs in our samples. We have found that stars constitute only "' 5% of 
the spectroscopically identified sources and therefore do not seriously affect our 
results based on all point-like sources being of extragalactic origin. EROs are found 
to be essentially unrelated to AGN. From their anecdotal presence in our catalogues 
we have concluded that obscured AGN are in minority amongst EROs ("' 5%) and, 
also, that the latter are generally not powerful x-ray emitters. We have closed 
this chapter reporting on the identification of the optical counterpart of the ULX 
GSGP4CH043. This source is apparently embedded amidst HII regions in the arms of 
the face-on spiral galaxy APMUKS(BJ) B005520.08-274536.9, but optical spectroscopy 
reveals a narrow-line emission object at z = 0.368, which implies that the ULX is a 
background source. 
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Evolution of Early-type Galaxies 
A primary goal of galaxy evolution studies is to elucidate how the stellar content 
of the present universe was assembled over time and the evolution of the spheroid-
dominated galaxies offers an essential discriminant between the most popular sce-
narios, namely monolithic galaxy formation and hierarchical galaxy formation in 
a cold dark matter universe (e.g. Aragon-Salamanca et al. 1998). Further, the lat-
ter scenario predicts significantly different formation histories for field or cluster 
early-type galaxies (Baugh et al. 1996; Kauffmann & Charlot 1998). 
The study of the evolutionary properties of the early-type population also serves 
a second purpose which is to help clarifying which galaxy types preferentially host 
AGN. We have seen in chapter 4 (e.g. figures 4.3-4.5) that aver/high fraction of x-
ray galaxies span intermediate colours which, on basis to our models, correspond 
to very low-redshift elliptical (z ;S 0.2) or intermediate-redshift spiral galaxies (z ;S 
1 ). By investigating the accuracy of the models we aim to characterize with better 
detail these galaxies. 
5.1 Evolutionary Models 
We have researched evolutionary models where galaxies form at high redshift 
through a monolithic collapse accompanied by a short-lived and intense burst 
of star formation and then followed by a passive and pure luminosity evolution 
(Eggen et al. 1962). These have been based on a Bruzual & Charlbt (2003) globular 
cluster-like stellar population with an initial mass function 'JI(M) ex: M-x, x = 3, con-
volved with a star formation history of a single starburst decaying exponentially 
with e=f, e-folding time 't = 2.5 Gyr, together with a q0 = 0.5, Ho =50 kms- 1 Mpc- 1 
cosmology. It is found that, not only do these models reproduce the observed 8-
band source number counts, but also the evolutionary tracks seem to trace the dis-
tribution of galaxies on colour-colour diagrams with exactitude (figure 5.1; Met-
calfe et al. 2001 ). To some extent, this was expected since it has been long known 
that early-type galaxy spectral energy distributions (SED) are regular enough as 
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to allow the inference of their redshift from their broad-band colour indices (e.g. 
Baum 1962; Koo 1985). For elliptical and lenticular galaxies at z < 0.5, the 400 nm 
break provides a sharp feature in the SED that falls on the B and R bands. Hence 
the break gets reflected in the B- R colour, which acts as a redshift indicator, but 
a degenerated one because the strength of the 400 nm break varies from galaxy to 
galaxy. In figure 5 .1 this degeneracy is broken with the R -I colour which allows 
us to measure both redshift and SED type. 1 
To investigate whether the agreement of colours with redshift is as tight as the 
models suggest we selected several bright galaxies spread over the 1.6 S: B- R S: 3 
branch and pursued spectroscopic follow-up with LDSS2 on Magellan-1 (§ 3.4); the 
selected sources are marked on figure 5 .1. On figures 5.2 and 5.3 we plot the 
apparent colour indices (B-Rand R- /, respectively) against the spectroscopic red-
shift for these sources and compare them with the predictions from the model. We 
observe that the models act like an upper envelope and that many galaxies have 
colours much bluer than the path marked by the evolutionary tracks seems to al-
low. Based on the tightness of the B: R: I colour-colour almost-unidimensional 
locus which the models reserve for elliptical galaxies, this result first came as a 
bit of a surprise. Moreover, our magnitude-selected galaxies should generally rep-
resent the most luminous specimens at a certain redshift (MR ;S -21) and, given 
the excellent agreement found by the Sloan Digital Sky Survey team between the 
colours of luminous red galaxies (LRGs) and their redshifts (Eisenstein et al. 2001), 
also from this front we expected a colour index-redshift fit more on the tracks of 
the models. While the lack of sources above the envelope is due to the models 
being computed for brighter than L* galaxies, and there are very few luminous 
galaxies redder than the old stellar populations of giant ellipticals, the large scatter 
obtained below the envelope instead proves that our models of simple high-redshift 
monolithic collapse are incorrect and need further tuning. With the simple selec-
tion criterion that galaxies be redder than B- R ~ 1.6 we let intrinsically bluer and 
distant galaxies, which can produce the observed B- R red colour, into our sample. 
And, indeed, were just a few such cases would be expected from the models' mild 
evolution in the rest B luminosity density or from the increasing fraction of blue 
galaxies observed at intermediate redshifts (Butcher & Oemler 1984 ), many are 
observed at a range of redshifts, maybe indicating that the models should evolve 
faster in the rest-frame B-band; this would better account for the large number of 
red galaxies observed. Such contamination will be larger at higher redshifts and 
we do find that the fraction of galaxies with bluer colours than the models (by 
!!:.(B- R) 2: 0.2 and I!:.(R- I) 2: 0.1) increase with redshift. We note, however, that 
several teams that have explored independently the evolution of the E/SO colour-
magnitude relation find that there is only weak evolution in the rest B luminosity 
(Metcalfe et al. 1996; Pozzetti et al. 1998; Bell et al. 2004) which sets limits to the 
1 Note that, as can be seen in figure 4.3, high redshift spirals have the same B-Rand R -I colours as 
low redshift early-type galaxies, which accidentally introduces another degeneracy. 
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Figure 5.1: Colour-colour diagram of the red E/ SO galaxies shtdied. Early-type 
galaxies at redshifts below 0.5 are distributed in a narrow R - I gap with B - R 
colours redder than ,....., 1.6; this region can be easily seen as the high surface density 
of galaxies in the background contour (constructed from all the R < 24 galaxies in 
the field). Bright sources on this colour-colour space were selected for our study; 
the plot shows them with a range of symbols: a) red circles indicate the presence of 
absorption lines in their spectra and the amount of fill denote the strengths of the 
lines; b) blue squares indicate narrow emission-lines in the spectra of the source 
and, again, filled for strong lines and shallow for weaker lines; c) blue stars denote 
the presence of broad lines; d) triangles are either absorption- or emission-line 
galaxies and, in that case, their colour serves as the discriminant. Each source is 
labelled with its redshift and its R-band catalogue number. In the plot there are as 
well two evolutionary tracks for early-type galaxies based on Bruzual & Charlot 
(2003) single stellar population synthesis models. 
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amount of blue contamination in figures 5.2 and 5.3 due to this effect. 
Already since the detection of ultraviolet (uv) radiation from early-type galaxies 
by the Orbiting Astronomical Observatory-2 it has been noted that uv SEDs exhibit 
much larger scatter than their conspicuously homogeneous behaviour in the 400-
2000 nm region (Code 1972; Code & Welch 1982; Pence 1976; King & Ellis 1985; 
Kinney et al. 1996). This most variable photometric feature, associated with low-
mass helium-burning stars in extreme horizontal branch (O'Connell 1999), could 
cause some of the wide spread of the early-type galaxies in the colour-redshift 
plots. 
Yet part of the blue contamination is probably due as well to later-type galaxies 
at intermediate redshifts sharing the same B : R : I space than lower redshift bulge-
dominated galaxies. The evolutionary tracks for SO-Sab galaxies are very similar 
and the models already indicate that a small fraction of such cases should occur. 
But the fact that some of the galaxies that lie well blueward of the models show 
narrow emission lines in their spectra and no conspicuous 400 nm break adds 
support to the conclusion that they are later-type galaxies and hence the models 
might have to be revised to allow more overlap between early and later types in 
this colour-colour space. Unfortunately our ground-based imaging is of insuffi-
cient resolution to obtain reliable morphological information for distant galaxies; 
however the Hubble Space Telescope (HST) has recently imaged the WHDF and in a 
few months we will have access to its data and should confirm this point. More 
generally, the HST images will help establish the morphology of the galaxies and 
could confirm that many of these are early-type galaxies but with distorted mor-
phologies such as tidal debris or blue circumnuclear rings, as found in 5 out of 
9 early-type galaxies in low-density environments recently studied by Kuntschner 
et al. (2002). 
From the current models it seems also that a large fraction of these outsiders 
have excess infrared colours. This can be seen from figure 5.4 on page 157 which 
shows a set of colour-colour diagrams with the population subject of our study 
mar ked as filled red dots. We see in the B - R : I - H, B - R : R - K and R - I : I - H 
plots that the models act as blue envelopes and the sources actually fall on the 
red side of the infrared colour. However, this result must be taken with caution 
because all evolutionary tracks in figure 5 .4 involve B or R magnitudes which, as 
we have seen, could be ill-accounted for in the models and hence the IR excesses 
could prove artificial. Nevertheless, we suggest that we could be dealing here with 
post-starburst galaxies ("E+A" or "K+A") for which AGB stars make a significant 
contribution to the galaxy's global emission. In a few cases this is corroborated 
by conspicuous Balmer absorption-lines and relatively weak 400 nm break, from 
which we infer that the burst of star formation has terminated within "'1 Gyr. 
Since the fraction of these galaxies increases with redshift (z < 0.5) post-starbursts 
could be responsible for (or at least linked to) the Butcher-Oemler effect ( 1984 ). 
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Figure 5.2: B - R colour index as a function of redshift for the red field early-
type galaxies in the WHDF, as selected from figure 5 .1. The bottom plot is an 
enlarged version of the top panel, restricted to redshifts below unity. Symbols and 
evolutionary tracks as in figure 5 .1. 
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evolutionary tracks as in figure 5 .1. 
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5.2 Colour-Magnitude 
Simplified forms of the Hertzsprung-Russell diagrams are plotted in the colour-
magnihtde diagrams of figures 5.5- 5.7. It has been extensively shown that early-
type galaxies obey a tightly constrained colour-absolute magnitude relation, by 
which the integrated colours of elliptical galaxies become progressively bluer to-
wards fainter magnitudes (Baum 1959; de Vaucouleurs 1961 ; Faber 1973; Vis-
vanathan & Sandage 1977; Bower et al . 1992a,b) . This is particularly so for 
cluster environments where the scatter around the colour- magnitude relation is 
extremely small. However, field early-type galaxies have not been studied with 
equal thoroughness (e.g. van Dokkum et al . 2001) and hence we were interested in 
determining whether the homogeneity observed in clusters extends to galaxies in 
lower density environments . From our plots the answer is 'no'. Figure 5.5 shows 
the K - corrected and passively evolved absolute R magnitude against the B - R and 
R - I rest-frame colours for the red ellipticals of the WHDF, which have been cho-
sen along an average line of sight; the scatter is so large that it is difficult even to 
confirm any colour-magnitude relation at all. A similar conclusion is reached by 
Schade et al. (1999) and Larson et al. (1980) . If the homogeneity of the colour-
magnitude in clusters is indicative that the bulk of the stellar populations are old, 
with most of the stars having been formed before z"' I, the colour-magnitude rela-
tion of early-type galaxies in the WHDF suggests a wide range of formation times, 
where ongoing star formation is allowed in some galaxies a lmost right up to the 
epoch of observation . This is confirmed by the large fraction (at least 1/] ) of field 
ellipticals showing [0 II]AJ727 lines . 
Unfortunately the lack of redshift resolution and the scatter in figures 5.6 and 
5 . 7 make it difficult to properly study the evolution of the colour-magnitude rela-
tion and we cannot tell whether there is any evolution with look-back time . 
The evolution of galaxies and AGN from deep x-ray and optical surveys 
CHAPTER 5. EVOWTION OF EARLY-TYPE GALAXIES 
"' I 
(D 
2.01-
1 .5~ 
1.01-
#J'17B I''ij'1 
6 276 
11 1918 
5.2. COLOUR-MAGNITUDE 
-
.. 016 
. 394 
-
tl'" ~090 ··lt'g~;;~~ 
0 6665 ... 80 
-
~· 1 ~ 193 
0.5~ 
-25 
0.81-
~ 0.61-
0.4~ 
-24 
#1278 
J U2J 
. 722 ~~~3 
-23 
R 
-22 
111 189 
Q -4681 
.1 193 
-21 
~~84 ~:;43437 
Jl l99 J 1248 
-20 
-
-
d" 
-
-
0.2~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-25 -24 -23 -22 -21 -20 
R 
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Figure 5.6: B-R rest-frame colour-absolute magnitude diagrams at different red-
shift bins for red field early-type galaxies in the WHDF . Given that in each redshift 
panel objects are all at the same distance, colours and magnitudes have not been 
K-corrected and passively evolved to z = 0 so that artificial effects introduced by 
wrong choices of evolution do not affect the plots. The symbols are the same as in 
previous figures . 
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K -corrected and passively evolved to z = 0 so that artificial effects introduced by 
wrong choices of evolution do not affect the plots . The symbols are the same as in 
previous figures. 
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5.3 Summary & Discussion 
From a colour-selected sample of early-type galaxies in the direction of the WHDF, 
we find a significant fraction which show colours that are too blue to be con-
sistent with the predictions of a simple monolithic collapse at high-redshift and 
passive evolution thereafter. Their large scatter in photometric observables seem 
to imply divergent histories and indicate that the early-type populations are more 
heterogeneous than implied by Baade's "population II" nomenclature ( 1944). In 
particular, significant low-redshift star formation is deduced from the large scat-
ter in the colour-magnitude relation and from the presence of [0II]A3727 emission 
lines. We have searched for possible causes to explain these observations; in this 
regard, forthcoming Hubble Space Telescope images will help clarifying whether 
there is any contamination from later-type galaxies or if there is any connection 
between early-type galaxy morphologies and the observables reported. We note 
that our observations could accommodate well hierarchical models where early-
type galaxies in low-density environments are able to incorporate stars formed at 
low redshifts and therefore should have younger luminosity-weighted ages than 
the equivalent cluster population and show a broad age distribution over the whole 
luminosity range (Baugh et al. 1996; Kauffmann & Charlot 1998; Cole et al. 2000). 
With all this analysis, the positions of x-ray sources in colour-colour diagrams 
remain ambiguous. In principle, according to the models, they have generally too 
blue a B- R colour for their redshift to be early-type galaxies. But we have seen 
in this chapter that this behaviour is common in many B- R-selected red galaxies 
and that the models fail to provide a correct description of it. Moreover, in the case 
of x-ray galaxies, nuclear activity might as well enhance the blue emission. Hence, 
the proposition that many AGN in our samples are hosted by early-type galaxies at 
intermediate redshifts seems now more plausible than the models would initially 
suggest. However, we can not rule out either that they are later-type galaxies. 
Lenticular and Sab spiral galaxies have very similar evolutionary tracks and we 
have seen in § 5. 1 that the data on early-type galaxies might require a larger region 
of overlap between early- and late-type galaxies in colour-colour diagrams. If that 
were the case, many x-ray galaxies could as plausibly be spirals and BRI colours 
would prove inadequate to disentangle the degeneracy. This confusion could even 
be more severe if, instead of contributing strongly to the blue emission, the AGN, 
many being obscured, radiated strongly in red bands. At any rate, though, this 
seems to suggest that, whatever the host, it is likely to possess a bulge of some 
sort. Inspection of the optical thumbnails of appendix A seems to confirm that this 
is indeed the case and few galaxies appear clearly without a bulge. However, the 
spatial resolution of our images is low and all conclusions in this regard, as for the 
study of the evolutionary properties of E/SO galaxies, will greately benefit from 
the HST images. 
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Summary and Conclusions 
We cannot comprehend the meaning of the Universe, 
but there is something in its image 
that agrees with man's imagination. 
Borges (1967l 
In this thesis, two new surveys of the x-ray background (the WHDF and the 10 x 
10 ks) have been presented. Serendipitous x-ray hard and soft sources have been 
identified and characterised by conducting concurrent optical and x-ray observa-
tions. The main aim of this work was to establish if x-ray luminous narrow-
emission line galaxies are the sources that are the major contributors to the hard 
XRB along with finding an explanation for their dominant x-ray emission mecha-
nisms. 
6.1 x-ray Data 
We began this work by constructing catalogues of x-ray sources from Chandra 
observations for each of the two surveys. In the 10 x 10 ks survey of fields GSGP4 
and F864, 71 sources were detected with s;N ~ 3 down to hard band fluxes of 
S2-10 keY :::- 10- 14 ergcm-2 s- 1, over a solid angle of Q"" 0.2 deg2; in the narrower and 
deeper WHDF, 69 sources were obtained with the same significance (Q"" 0.08 deg2, 
s2-10 keY:::: 3 ° 10- 15 ergcm-2 s-1' s;N ~ 3). For over 75% of the hard objects in the 
combined sample, a significant soft counterpart was also detected. If the hard pop-
ulation is representative of highly obscured AGN at low-to-intermediate redshifts 
(z ;S 1.5), this indicates that in type II AGN significant soft emission can still be pro-
duced. Amongst the sources detected in the soft band, only "" 40% were found to 
be significant emitters in the hard band, which argues in favour of a large fraction 
of the XRB at soft energies resulting from unobscured AGN. 
From an assessment of the basic temporal properties of the sources in our sam-
ples it was found that at most half of them seem to be constant flux-emitters over 
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time-scales of a decade; at time-scales of a day, acute flux changes affected 10-20% 
of the brightest x-ray sources in the WHDF. A more detailed statistical analysis 
should consider, not only the probability that an individual source outputs a non-
constant flux, but also the probability that amongst a sample of M constat-flux 
emitters, N sources are 2: Ycr away from the constant-flux value. 
The source number counts down to fluxes of 4 · w- 16 (3 · w- 15) and 3 · w- 15 (1 · 
w- 14) ergcm-2 s- 1 in the soft and hard bands of the WHDF (10 x 10 ks) survey were 
derived. This revealed a spread in the normalisations of the counts of "' 50% in the 
two surveys which we attributed to cosmic variance. Allowing for the necessary 
room for this variance, the obtained power-law fits to the logNvs. logS in the WHDF 
were found to be consistent with most other results in the literature; in the soft 
band the fit (logN = ( -8.6 ± 0.4)- (0.76 ± 0.03) logS) is almost identical to that in the 
CDF-5 (Giacconi et al. 2001) while, in the hard band (logN = ( -11.8 ± 0.5)- ( 1.02 ± 
0.04) logS), excellent agreement was obtained with the results in the SSA 13 survey 
(Mushotzky et al. 2000). The number counts derived also compared favourably 
with the predictions from a population synthesis model of the XRB based on a flat 
distribution of columns in logarithmic space by Gunn (1999). The fit in the hard 
band resulted in an integrated contribution of 1.25 x to- 11 ergcm-2 s- 1 deg2 for fluxes 
2.75 ,:S s (cgsl/10-" ,:S 100, which means that our surveys resolve > 70% of the XRB in 
the same band. 
The x-ray spectral properties of the sample were also described. The sources 
were found to harden with soft flux but not with hard flux, as expected if their 
flat spectra are due to absorption of soft x-ray photons. From both surveys, a 
population of hard bright sources with very flat spectra (HR "'0.3) was identified. 
Given their high fluxes, it is surprising that they remained undetected with ROSAT, 
although the fact that the sensitivity of x-ray detectors and their PSF depend on the 
spectral shape of the sources could offer an explanation. 
6.2 Optical Follow-up of Chandra sources 
The details of the optical imaging and spectroscopic data reduction and calibration 
were presented in chapter 3. Covering most of the Chandra regions in the GSGP4 
field, g-, r- and i-band imaging to depths of"' 25.3, 25 and 23.7 magnitudes 
respectively was obtained with AAT/WFI as the basis for the optical follow-up for 
the lOx 10 ks survey. Optical counterparts for "'60% of the x-ray sources were 
thus obtained in this field. In the WHDF, deep multiband imaging down to B ~ 26, 
R ~ 26.3, I~ 24 and Z ~ 23 (plus, for the privileged central area, even deeper to 
B ~ 28.2 and with wider uv-IR spectral coverage) allowed the detection of optical 
counterparts for, again, rv 60% of the Chandra sources in the field. Interestingly, 
optical counterparts to"' 70% of the x-ray sources in F864 were obtained at much 
shallower regimes from the Sloan Digital Sky Survey. This might be understood in 
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conjunction with the observation, from hardness ratio vs. fluxes, that an abnor-
mally high fraction of sources in this field are soft. Together, these two facts seem 
to indicate that x-ray sources in this field are mainly unobscured bright AGN, as 
found in previous ROSAT surveys. 
Spectroscopic follow-up was conducted with Magellan-1/LDSS2 (WHDF & GSGP4) 
and WHT/WYFFOS (F864). In two campaigns with LDSS2 in 2001 and 2002 we tar-
geted 64 x-ray objects, preferentially extended, and obtained reliable identifications 
for 45 of them. Many of these spectra correspond to sources with too faint magni-
tudes (B > 23.5), according to preexisting photometry, implying optical variability 
amongst our x-ray samples. During these campaigns, slit masks were optimised 
by targeting an additional population of 92 B: R: /-selected elliptical and lenticular 
galaxies in a parallel program to study the evolutionary properties of the early-
type galaxy population; 65 redshifts for this study were obtained. With WYFFOS, 
17 identifications of x-ray sources were obtained in 2002 in F864. 
Performing our own follow-up of x-ray sources proved very efficient at the iden-
tification of moderately faint sources. However, public datasets were also mined 
and surveys like the 2dF and soss were instrumental in identifying many of the 
brightest sources. 
6.3 The Nature of the XRB 
Chapter 4 covered several topics which show insight into the physical nature and 
the cosmic evolution of the sources that make the XRB and into their role in models 
of galaxy and AGN evolution. It integrated the x-ray and optical data from the 
preceding chapters and contains the main body of results of this thesis. 
Extragalactic x-ray sources were classified into broad-line AGN (BLAGN), narrow 
emission-line x-ray galaxies (NLXGs) and absorption-line galaxies (ALGs) according 
to their ultraviolet and optical line signatures. At the current stage of the spectro-
scopic follow-up of Chandra sources, we have 63% of BLAGN, 20% of NLXGs, 14% 
of ALGS and rv 3% of Galactic stars. These do not represent, however, the true pro-
portions of classes in the surveys for the spectroscopic follow-up is biased towards 
bright sources and is still more than 50% incomplete. Nevertheless, classifying 
sources into these categories proved extremely useful in subsequent analyses to 
unveil characteristic trends of different populations. 
While exploring the emission mechanisms of the x-ray sources through the dis-
tribution of their X-ray-to-optical flux ratios, a dichotomy was highlighted be-
tween sources brighter and fainter than fx "' w- 15 ergcm-2 s- 1 in the sense that 
all bright sources show enhanced logfx/ror, > -I, typical of AGN emission, while the 
faint population has loglxfr"P' < -1 and the dominant x-ray emission is, in that 
case, likely not due to AGN. The bright population was seen to comprise the great 
majority of sources in the sample, including all the hard sources (HR > 0), all the 
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x-ray sources without optical counterpart, most BLAGN and most NLXGs. On the 
other hand, all the sources in the faint sample are very soft galaxies (NLXGs and 
ALGS in roughly equal proportions and with HR ;S -0.7) and they comprise most 
of the ALGs of the survey. We concluded that at fluxes fx ;S w- 15 ergcm-2 s- 1 we 
might be beginning to detect the x-ray-bright tail of the "normal" galaxy popula-
tion with x-ray emission dominated by stellar processes, binaries and interstellar 
hot gas while, at brighter fluxes, where the bulk of the energy of the hard XRB 
is emitted, star formation did not play a major role and we were detecting x-ray 
photons coming mostly from AGN. Many of those AGN, most notably the hard 
population, are possibly obscured on the basis that they often exhibit narrow lines 
in the spectra, which indicate obscuration in the standard AGN unification model 
and therefore they are thought to be type II AGN. From these observations and 
from their redshift distributions and scatter in optical and x-ray colours at all lu-
minosities and distances, we concluded that, at fluxes fx;::: w- 15 ergcm-2 s- 1, not 
only are most narrow emission-line galaxies low level AGN, but so are the optically 
inactive galaxies identified and even the optically faintest sources. 
Population synthesis models of the XRB were reviewed later in the chapter. As con-
cluded from the previous section, our data were found in agreement with their 
basic requirement that a large fraction of the XRB is due to obscured active nuclei. 
The discovery of a new type II oso candidate (WHDFCH008) at redshift z = 2.12 was 
reported. This and RXJ13433+0001 are the only identified examples of luminous 
obscured AGN at high redshifts in our surveys. The small number remains sig-
nificantly below the expectations from the models of the XRB based on the x-ray 
properties of unified schemes for AGN and from the modelling of IR and uv SEDs. 
This shortage of heavily obscured bright AGN is frequently found in deep x-ray 
surveys of the XRB and, to bring agreement between the observations and the pre-
dictions, we made the suggestion that x-ray luminous absorbed AGN show broad 
lines more often than not. This was partially based on the discovery of broad-line 
quasars amongst the hardest sources in the WHDF, that show that atomic columns 
responsible for x-ray absorption do not always associate with the molecular gas 
and dust that render the objects optically thick. 
Another shortcoming of the models is that they predict that AGN peak at con-
siderably higher redshifts than generally observed. Redshift distributions showed 
that NELGs hosting an AGN are more numerous at lower redshift than more lumi-
nous osos, which could be the result of a different evolution. From the redshift 
distribution, a second result we found is that high-z x-ray-selected osos are highly 
clustered but, at low redshift, no clear correspondence is found between the posi-
tions of early-type galaxies and x-rays sources in the WHDF. 
In the last section of chapter 4, the incidences of Galactic stellar contamination and 
of EROs in our samples were assessed. It was found that stars constitute a negligible 
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fraction of our point-like sources and do not compromise our major analyses of 
extragalactic objects. EROs were also found to have only an anecdotal presence 
in our catalogues, therefore suggesting that they are essentially unrelated to AGN 
and also generally not powerful x-ray emitters. Finally, the identification of the 
optical counterpart of the ULX GSGP4CH043 was reported. This source is apparently 
embedded amidst Hll regions in the arms of the face-on spiral galaxy APMUKS(BJ) 
B005520.08-274536.9, but optical spectroscopy reveals a narrow-line emission object 
at z = 0.368, which implies that the ULX is a background source. 
6.4 Evolution of Early-type Galaxies 
In chapter 5, the evolutionary properties of a colour-selected sample of early-
type galaxies in the direction of the WHDF were investigated. Two primary goals 
drove this study. First, the most popular scenarios of galaxy formation, mono-
lithic and hierarchical, make very distinct predictions on how the stellar content of 
the present universe was assembled over time and the evolution of the spheroid-
dominated galaxies offers an essential discriminant. Secondly, it was found in 
chapter 4 that x-ray galaxies that host an AGN span intermediate colours which, 
on basis to our evolutionary models, corresponded to very low-redshift elliptical 
(z ;S 0.2) or intermediate-redshift spiral galaxies (z ;S 1). By testing the accuracy 
of the models of the evolutionary properties of the early-type population it was 
intended that a better characterisation of the x-ray galaxies would emerge. 
The analysis yielded that the colours of the selected red galaxies are excessively 
blue to accommodate comfortably simple models of a monolithic collapse at high-
redshift and passive evolution thereafter. No clear cause could be identified, al-
though several were discussed: fast evolution in the rest B-band luminosity, large 
scatter of their uv SEDs, contamination from later-type galaxies sharing the same 
colour-colour space or, even, that they represent post-starburst galaxies. It was 
also seen that their colour-absolute magnitude relation is very loosely constrained, 
suggesting that there is significant low-redshift star formation in our samples. 
Although colour-magnitude relations for early-type galaxies in low-density envi-
ronments (such as our sample, chosen along an average line-of-sight) have not 
been explored as thoroughly as in clusters, the existing results agree with ours (e.g. 
Schade et al. 1999; Larson et al. 1980). Altogether, the large scatter of photometric 
measurables imply divergent histories and indicate that early-type galaxies are, in 
fact, a rather heterogeneous population. The observations would be better under-
stood under a hierarchical workframe, where early-type galaxies in low-density 
environments are able to incorporate stars formed at low redshifts (e.g. Cole et al. 
2000). 
After studying the evolutionary models of early-type galaxies, still no conclusive 
statement regarding which galaxy types do preferentially host AGN could be made 
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from the position of x-ray galaxies in colour-colour diagrams. According to the 
models, x-ray galaxies have generally too blue a B- R colour for their redshift to 
be early-type galaxies; but chapter 5 proved that this behaviour, common amongst 
many B- R-selected red galaxies, is ill-accounted for. In the case of x-ray galaxies, 
excess blue emission might as well be produced by nuclear activity. Hence, the 
proposition that many AGN in our samples are hosted by early-type galaxies at 
intermediate redshifts seemed, after all, more plausible than the models would 
initially suggest. On the other hand, they could as plausibly be later-type galaxies, 
for lenticulars and Sab spirals have very similar evolutionary tracks and, moreover, 
the data on E/50' s favoured a larger region of overlap between early- and late-type 
galaxies in colour-colour diagrams. If that were the case, BRI colours would prove 
inadequate to disentangle the degeneracy. This confusion could be made even more 
severe if the AGN, many being obscured, radiated strongly at long wavelengths. 
Given that our disorientation arises from the colours being intermediate between 
those of early- and late-type galaxies, this could be reflecting that, whatever the 
host, it is likely to possess a bulge of some sort. Inspection of the optical images of 
appendix A seems to confirm that this is indeed the case and few galaxies appear 
clearly without a bulge. 
6.5 Future Prospects 
Undoubtedly, the best news for the short term is that Chandra and XMM-Newton 
are performing very well and returning a wealth of quality data. Soon, the an-
swers to the problems addressed in this thesis will be solidly established and, surely 
enough, other exciting matters will bother extragalactic x-ray astronomers. These 
are better days! 
Amongst the most exciting projects for the study of the XRB in the forthcoming 
months are deep wide-angle surveys compiled from public archival data such as 
chaMP and XMM-ssc-xm. These are able to overcome the effects of small-scale 
clustering due to cosmic variance introduced by the small field-of-view of modern 
x-ray detectors and will measure the source number counts and the x-ray lumi-
nosity function with greater accuracy. 
An outstanding issue that needs to be understood is the relationship between the 
gas and dust found in AGN. This is important to conclusively test the predictions of 
obscured AGN models based on unification schemes that posit orientation and in-
trinsic luminosity as the two primary parameters governing the multiwavelength 
properties of AGN. In this regard we have proposed that luminous absorbed AGN 
show broad lines more often than not. This hypothesis should be tested by obtain-
ing column density distributions from x-ray spectra of a sample of high-redshift 
quasars or, alternatively, from the comparison of their extreme ultraviolet and x-
ray colours. Also, from our samples we have identified a type 11 QSO candidate and 
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we propose to undertake infrared spectroscopy to confirm its status. 
More generally, models of obscured AGN require higher levels of spectroscopic 
completion. Over 50% of the x-ray sources in our samples remain unidentified and 
an accurate determination of the relative fractions of obscured to unobscured AGN 
can not emerge unless sustained impulse to the spectroscopic follow-up programs 
is provided. We have also suggested to perform long-slit spectroscopy on selected 
x-ray bright absorption-line galaxies in search of emission lines that could denote 
an underlying hidden AGN and confirm that, at bright x-ray levels, NELGs and ALGs 
belong to the same population. But, to fully grasp the AGN phenomenon, it is vital 
that these efforts to characterise the x-ray sources in the optical are accompanied 
by similar undertakings at longer wavelengths, where obscured AGN models of the 
XRB make crucial predictions. 
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APPENDIX A 
Spectro-photometric albums 
This appendix presents the spectro-photometric albums for the x-ray sources in 
the GSGP4 and WHDF fields. Each row of boxes corresponds to a different source. 
In the first box we list some characteristics of the object: x-ray flux in the hard 
(2-10 keV) band; hardness ratio; redshift; type of source; colour indices (g-rand 
r- i in GSGP4; B- R, R- I, R- Z in WHDF); positional offset between Chandra and 
optical images (only in GSGP4; in WHDF they are always < 2"); off-axis angle of 
the Chandra detection with respect to the aimpoint. Whenever the name of the 
source is enclosed in parenthesis, the source has been detected with s;N < 3 in the 
x-ray images. The following 3 (4 in the WHDF) boxes are the optical images for the 
source in the g, rand i (8, R, I, Z) bands; they are labelled with the corresponding 
magnitude. The second-last box is the Chandra image, labelled with the flux in the 
0.5-10 keV band. Finally, if available, the last box shows the optical spectrum. 
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Queda curvo el firmamento, 
compacta azul, sabre el dfa. 
Es el redondeamlento 
del esplendor: melodfa. 
Todo es cupula. Reposa, 
central sin querer, Ia rosa, 
y un sol en cenit sujeta. 
Y tanto se da el presente, 
que el pie caminante siente 
Ia integridad del planeta. 
Guillen (1928l 
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Don't you love the sound of the last leaf falling down? 
